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I 

INTRODUCTION 

SCOPE AND AIMS OP THE WOEK 

Plant movements have long offered an attractive field of study 
to physiologists and ecologists. Not only are the observed move- 
ments important in themselves as an expression of the vital activity 
of organisms the life processes of which are commonly not con- 
spicuous or easily mensurable, but an understanding of the phenome- 
non is also important to ecology and morphology, and has direct 
bearing on the more general and fundamental problems of plant 
physiology. Movement, as one of the many adjustments of the 
plant to the environment, affords a useful means of study, since it is 
a response of the plant that can be quantitatively determined. The 
study of flower movements — anthol^etics — ^also has a direct and 
important bearing on the ecology of flowers. 

The movements exhibited, the organs involved, the importance, 
variation and evolution within the taxonomic and ecological groups, 
adjustments to the environment, and nature of the stimuli, all are 
of much ecological significance. Physiologically the relation of 
movement to respiration, transpiration, photosynthesis, growth, 
irritability, tissue mechanics, permeability, and osmotic relations of 
the tissues is fundamental. 

Movements may be divided into those of growth and those of 
turgidity. Each group may be autonomic or paratonic, depending upon 
whether the stimuli are internal or external. Autonomic growth 
movements include nutation, twining and nastic bending; paratonic 
growth movements are the tropistic ones. Autonomic turgidity move- 
ments are known to occur rarely in leaflets; the paratonic category 
includes the movements of stomata, and those which occur in response 
to light and contact (Palladin and Livingston, 1922). Most flower 
movements are commonly included under nastic bending, although 
individual instances have been shown to belong elsewhere (Pfeffer 
1873, Hendricks 1919). 

Mower movements frequently occur in. species widely scattered 
through the taxonomic groups, as has been indicated by Hansgirg. 
That such movements are of value is shown in the work of Hof- 
meister, Kerner, Haberlandt, and many others. Ploral movements 
may result in the protection of the organs against unfavorable weather 
conditions, the admittance of pollinators adapted in structure and 
activity to the flower, or the maximum floral display within a limited 
period favorable for the particular pollinators concerned. The vari- 
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ability ami frequency of flower movements indicate tiieir ecological 
importance and evolutionary and adaptative develoinnent. 

The present study was primarily undertaken in the field, from 
the ecological standpoint. The ecological aspects being so intimately 
connected with the physiological, laboratory and greenhouse studies 
were used to further the work. An attempt was made first to study 
the field behavior of the flowers and to ascertain its ecological im- 
portance. Studies of the nature of the stimulating factors were 
carried out in the field and supplemented in the laboratory under care- 
fully controlled conditions which permitted a comprehensive study 
of the mechanics of the tissues involved. 

ItlSSUME OF PREVIOUS INVESTIG.ATIONS 

Since interest in plant movements has been general among 
botanists from the time of the early development of the science to 
the present day, the literature on the subject is both extensive and 
scattered. The following is designed to furnish a brief account of the 
general progress in this field, but not as a complete historical 
treatment. The early work was largely descriptive, hut soon included 
a number of species in which movement was considered in relation 
to some metabolic process. Study of the qualitative and (piantitative 
effects of the stimulating factors was followed by investigation of 
the mechanics of the tissues involved, and application of such results 
as became available from work on other plant organs. The bibli- 
ography appended contains references to the more important investi- 
gations, and particularly to those of significance in the present 
research. 

Linne (1751) observed flower movements and classified them 
according to the time of day and the weather conditions prevailing 
at the opening and closing periods. 

De Saussure (1822) studied the respiration of various flowers. 
He found the respiration higher than that in leaves, the maximum 
recorded for the flower being over 24 times greater. Floral respira- 
tion was increased by sunlight or an elevation of temperature. An 
inflorescence of Arum maculatum weighing 74 grams used 965 cc. of 
oxygen in 24 hours. Studies of the oxygen consumption of various 
portions showed that the most rapid respiration took place in the 
essential organs. The respiration rate was greatest at the time of the 
opening of the flowers, and was likewise high at the time of fertiliza- 
tion. Flowers of Passiflora serratifolia were found to consume 6 
times their volume of oxygen in 12 hours when in bud, 12 times during 
the early opening stage, and 7 times when the flower was old. 
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De Candolle (1835), as a result of illuminating Mirabilis jalapa 
at night and shading it by day, concluded that light was the stimulat- 
ing factor in movements, although the effect was not a simple one. 

Dutrochet (1836) believed that the opening of flowers was due 
to turgescence and the filling of the fibrous tissues with oxygen. 

Hoffmann (1850) emphasized the effect of temperature on the 
movement of flowers of Oenothera biennis, and leaves of Oxalis rosea, 
Tolpis barbata, and Eschscholtzia. He was unable to change by 
artificial light the daily behavior rhythm of leaves of Tolpis barbata 
and Oxalis tetraphylla, and of flowers of Lotus peregrinus and Oeno- 
thera lindleyana. Leaves of Oxalis tetraphylla and Mimosa pudica, as 
well as flowers of Tolpis barbata and Oenothera lindleyana, behaved 
normally when submerged in water. No effect of humid or dry air 
on the behavior of Oxalis rosea flowers could be seen. 

Kabseh (1862) studied the physiological effects of carbon dioxide, 
hydrogen, nitrogen, nitrous oxide, and oxygen, on leaves and flowers 
of Berberis. Sensitivity was destroyed temporarily by atmospheres 
containing 20 to 25 per cent carbon dioxide, and permanently by 60 
to 70 per cent. An atmosphere containing 50 per cent hydrogen re- 
tarded the rate of reaction, while an atmosphere of nitrogen produced 
no effect. Nitrous oxide caused erratic movements with closing in 
1.5 to 2 minutes, followed by death. The effects of oxygen were 
quicker but otherwise similar. 

Hofmeister (1868) reported that the development of the embryo 
was profoundly affected by the position of the maturing fruit. 

Royer (1868) attributed floral movement to heat and turgescence, 
and ascribed to light a secondary role. Movement in leaves was 
considered to be quite different from that in flowers because the 
presence of chlorophyll renders light an effective stimulus to move- 
ment. Temperature was thought to affect directly the concentration 
of the cell sap and thus produce the movement of the floral parts. 
Experimental work was reported upon a number of flowers, including 
Tulipa, Crocus, Taraxacum, Convolvulus, Mirabilis, Datura, and 
many others. Diuturnal flowers could be made ephemeral by intensi- 
fying the conditions that promote rapid desiccation, and ephemeral 
flowers could be made more persistent by an increase in moisture. 

Sachs (1863, 1874, 1887) described various nutations. He 
found that light sensitized the leaves of Mimosa pudica, and that 
darkness produced a stasis. Light was considered of great importance 
in flower movement, tulip and crocus being exceptional in responding 
to temperature changes. Living protoplasm was shown to be essen- 
tial, and the actual movement was assumed to be caused by contrac- 
tile cells as well as by turgescence. 
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Pfeffer (1873, 1875, 1907) made detailed stuflies on the physi- 
ology both of leaf and flower movement, which he regarded as similar. 
By measuring the distance between lines marked on the moving parts 
of flowers of crocus, tulip, dandelion and others, he showed that the 
side toward which the movement took place did not elongate as 
rapidly as the opposite one. Measurements tipon Croeva vermis 
while opening showed an average increase in lengtli of .2 per cent 
on the outside and 2.4 per cent on the inside in the region 3 mm. long 
that was most actively concerned in the opening. This produced a 
curvature with a radius of 16 to 30 ram. By means of temperat ure and 
light variations, opening and closing were made to alternate repeat- 
edly, if a period of recovery were allowed between the reactions. 
In the case of crocus, the flowers were opened and closed 8 times in 
one day. A temperature variation of 5 degrees produced a reaction 
in 8 minutes; one of 10 degrees in 3 minutes. Similar movements 
could be produced by these temperatures wdth the flowers submerged 
in water. Perianth parts of tulip show^ed an equilibrium position 
corresponding to the temperature. The temperature maxima and 
minima beyond which reaction did not occur were found to be differ- 
ent for the various species. 

Temperature stimuli were effective in o])ening the flowers of 
Omlis and of Tarammm at night only when the flowers had first 
been kept in darkness, and then only after time had been allowed for 
the effect of this previous light condition to disappear. Most com- 
posites with active flowers opened if warmed in tlie morning, but did 
not respond to similar treatment at night. Calendula and other com- 
posites responded to light, the vigor of the reaction varying with the 
time elapsed since the last response in an opposite direction. Light 
was considered a cause rather than a regulator of movement. Dark- 
ness accelerated growth but considerable time must have elapsed 
before this acceleration was perceptible. Tulip and crocus flowers were 
exceptional in responding to temperature rather than to light, but 
they were opened or closed by a sudden great increase or decrease in 
light in spite of antagonistic temperature stimuli. 

Detailed studies by means of recording apparatus showed that 
two classes of leaf behavior might be distinguished, depending on 
whether the response followed the stimulus quickly, as in Mimosa, 
or only after a period of several hours, as in Phaseolm. Leaves of 
the latter showed a periodic movement independent of the dark and 
light periods to which the plant had been subjected. Short-period 
rhythmic movements could be established in the leaves of Albizzia 
hphantha hj exposing the plant to 6-hour periods of light and dark- 
ness, but intervals of 18 hours did not modify the usual daily periodic 
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movement. Both these genera showed daily periodic leaf movements 
in darkness. 

The filaments in flowers of Centaurea shortened when stimulated 
mechanically. This was due to a change in turgescence resulting from 
a change in osmotic concentration rather than in permeability, some 
of the cell fluids escaping into the intercellular spaces and thus pro- 
ducing the reaction. In general, temperature changes could not ac- 
count for the observed alterations in osmotic pressure. Light was 
considered of great importance in leaf movemente, acting directly 
through its effect upon the chlorophyll. 

Balfour (1875), in discussing flower movement, emphasized spon- 
taneous periodic behavior. 

Kerner (1876) pointed out the importance of the position of the 
flower and fruit in the movements observed. 

De Vries ( 1877, 1884) showed that when the growing organs of 
a plant were plasmolyzed they were shortened, but recovered their 
length if placed in water. 

Darwin and Darwin (1880) reported detailed studies of plant 
movements and pointed out their significance to the species con- 
cerned. Leaf positions are of advantage to the species because of 
the protection afforded and, being general among plants in varying 
degrees, are material for natural selection and development. Dif- 
ferential growth and turgescence produced the movements. As 
De Vries had shown, a differential turgescence frequently preceded 
differential growth. 

Vochting (1882, 1890, 1908) in studying flower movement in 
several species, found that the concept of geotropism could not be 
satisfactorily applied because of the frequent changes in both direc- 
tions between the positive and negative types. Seeds of Papaver 
did not develop normally in fruit secured in an abnormal position. 
The presence of the bud on the peduncle was found necessary for the 
normal movements of this organ. Such movements depended on the 
complete system rather than on any single part, as was shown by the 
fact that the removal of the inflorescence of Brassica rapa caused 
changes in the position of the leaves. Differential growth produced 
movement, at least in Anemone. 

Hansgirg (1890, 1896, 1904) listed many species that showed 
movement, and described their behavior. He classified the various 
movements as gamotropic and carpotropic, according to their mech- 
anism and purpose. Gamotropic movements occurred in the ovary, 
petals, or stamens, and were believed to result m the protection of 
the essential organs of the flower, or the promotion of cross pollina- 
tion. Carpotropic movements affected the cal 3 rs, involucre, or the 
position of the flower at different stages in the life history. Gamo- 
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tropic movements, which take place as the result of different ial growth 
(epinasty and hyponasty), were stimulated by changes in light and 
temperature. Carpotropic movements were assumed to be due to 
growth, but the occurrence of differential growth was considered still 
unproved. Humidity was regarded as an important stimulating 
factor. 

Wieler (1893) studied the amount of bleeding from cut flowers 
under various air pressures as a measure of the transpirational water 
present. The osmotic pressure of the tissue and the physical condi- 
tions of the cell walls were considered of great importance in flower 
movement. As Sachs showed, in cut flowers there was a relation be- 
tween the position of the flower parts and the transpirational water. 
A similar relation between flower movement and foliar transpiration 
did not hold. 

Oltmanns (1895) distinguished between such flowers as Lactuca 
perennis, Tragopogon brevirostrk, Leontodon taraxacum, and Mira- 
bilis jalapa, which open in the morning and close on bright days not 
later than 10 a,m., and Beilis perennis and other composites that 
also open in the morning but do not close until late afternoon. In 
the first type an increase of temperature or light intensity hastened 
closing so that, as Pfeffer later found true for leaves, these factors 
produced either opening or dosing, depending on the intensity. These 
were grouped as “early closers.” The “late closers,” typified by 
Beilis perennis, correspond in reaction with nyctotropic leaves. 
Closure resulted in the afternoon from a fall in light intensity and 
temperature. A dark period increased the sensitivity to light, and 
previous exposure to light was found to increase the speed of closure 
in darkne®. Oltmanns emphasized the effect of light as a stimulus 
in flower movement. 

Kerner and Oliver (1895) stressed the importance of absorbed 
radiant energy, and in this connection considered highly important 
the presence of anthoeyanin pigments in the outer epidermis of the 
floral parts. Since, as Pfeffer showed, the direct effect of tempera- 
ture upon the concentration of the ceU sap was not sufficient to 
explain movement as due to changes in turgescence, floral movements 
were considered to be directly connected with the stimulation of the 
protoplasm. In ephemerals, where closure meant the death of the 
flower, water loss was doubtless an important factor. 

Jost (1895, 1898, 1902, 1904) studied the movements both of 
leaves and flowers. He found that leaves kept in darkness while the 
rest of the plant was exposed to the daily light changes showed the 
same rhythm as the exposed leaves. He believed that the action of 
darkness on leaf movement was directly attributable to the effect on 
the chlorophyll. Mimosa leaves were sensitive both to heating and 
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cooling, and were more sensitive at lower temperatures. Howers 
of Tulipa, Crocus, and Taraxacum were stimulated by sufficiently 
high temperatures to open and then close. Opening and closing in 
Tulipa and Crocus were almost exclusively in response to tempera- 
ture. Growth in tulip flowers, as measured microscopically, was greatly 
and quickly increased by changing from 11° to 18° 0., but fell in the 
next hour to approximately the original, as was also the case in 4-5 
hours at 18° constant, the temperature change acting as a stimulus. 
Inipatiens leaves showed greater elongation on the upper surface 
while assuming the sleep position, but no differential growth while 
resuming the day position, other causes being operative in this move- 
ment. Results for Leontodon showed an increased growth in the 
morning but practically none during the night. Flowers opened at 
temperatures above the- growth maximum, and closed at those below 
the growth ininimum. No floral movements occurred in Taraxacum 
officinale, Leontodon hastilis, and similar flowers, in atmospheres of 
oxj^'gen or carbon dioxide. Wiesner’s studies showed that the open- 
ing of the flowmrs of Anagallis resulted from changes in water distri- 
bution. Tulipa and Taraxacum belong to the “free closers” category 
of Oltmanns, for shortly after opening they close under constant ex- 
ternal conditions. Jost employed temperatures of 18° C. or more, 
but did not take into account humidity, which was probably very low. 

Farmer (1902) reported a careful study of the mechanism in- 
volved in the movement of tulip flowers. Young flowers w'ere found 
to open in response to an increase in temperature and to close fol- 
lowing a decrease. He considered it doubtful whether growth could be 
responsible for this behavior. Near the base of the perianth he located 
cells that produced the movement by undergoing changes in turges- 
cence. It W’as noted that median longitudinal sections of a flower, when 
placed in water, became more strongly curved, corresponding to the 
movement of closure. When these turgid sections were put in a plas- 
molyzing solution of 3-4 per cent potassium nitrate, a movement cor- 
responding to that of opening occurred quickly. By making the proper 
changes between water and potassium nitrate solution these move- 
ments could be produced repeatedly in a single section. Similar 
sections fixed in the closed position by means of alcohol opened in 
either salt solution or water, but could not be closed again. Tissue 
near the base of the perianth showed large tangentially arranged 
intercellular spaces so that alteration in the state of turgescence and 
the size of the cells sufficient to produce the flower movements ob- 
served could take place without a shearing action. 

Burgerstein (1902), studying the behavior of the flowers of 
Tulipa and Crocus, found that at a constant high temperature the 
rates of the opening movements were first accelerated and then re- 
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larded; no closure resulted. The floral itioveincnls fd CrarH.^ vrrnm 
C. luiciis, and Tulipn gesnerima, took place in atmo.sphere.^ of oxygen, 
hydrogren, and carbon dioxide, in atmospheric pres.^ures redueerl lo 
20 mm., and in solutions of salts below the plasmolyzing concentration. 
Since flowers open and close at temperatures outsidi! of the growth 
range, growth played an accompanying but second.'iry part. Conard 
(1003) described the opening and closing of several specufs of w.ater 
lilies and found that the time of floral opening aflvanced with age 
from morning to afternoon in certain species. 

Wiedersheim (1904) decided that differential growth had itot 
been found completely to explain photonastic and thermonastie move- 
ments. It was in recognition of this that Jost assumed a connected 
chain of reactions resulting from the initiating atimulu.s. Growth 
processes were followed by marking the active regions with lines of 
India ink and measuring the elongation by means of a micrometer. 
Leaves of Impatiens parviflora, Crocus lutetis, and flowers of Tulipa 
were studied, hnpatmis showed a transitory growth, appearing first 
on the upper surface, and preceding movement; a similar relation was 
observed on the two sides of the perianth of tulip fiow’crs. The ac(!el- 
erated growth in tulips persisted for 60 minutes after stimulation. 
Measurements showed a total increase of inner surface over outer of 
7.2 per cent in one case and 5.9 per cent in a second. This differential 
rate occurred in response to temperature changes which were not of 
apparent difference on the two surfaces. When moving parts were 
prevented from carrying out their normal nutations, a limited growth 
still appeared, allowing that the curvature could not be of importance 
as a stimulus for the reverse reaction, as Fitting supposed. It was 
concluded that movements result from growth processes on opposing 
sides of the active structure which differ in their time of subsidence. 

Hensel (1905) carried out experimental studios in field and green- 
house by heating, shading and w^atering. The results of these experi- 
ments, together with field observations, led her to the conclusion 
that temperature is the stimulating factor in the movements of most 
flowers observed. On the basis of flower behavior, she classified plants 
into day-bloomers and night-bloomers. In the first group were placed 
hemeranthous flowers which open only during the day, but for two 
or more days successively, and ephemeral-hemeranthous flowers which 
open for all or part of but one day. In the second group were in- 
cluded nyctanthous flowers which open for two or more successive 
nights, and ephemeral-nyctanthous ones which open for but one 
night. The movements of hemeranthous and nyctanthous flowers 
were found to be stimulated by temperature changes. Epliemeral 
flowers were found to be prevented from opening by low tem])era- 
tures, but after opening low temperatures prevented collapse. 
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Stoppel (1910, 1916, 1926), Stoppel and Kniep (1910), and Stop- 
pel and Trumpf (1922), have reported detailed and exhaustive studies 
of leaf and flower movement. Plants of Calendula arvensis SLud Beilis 
perennis were kept in a basement room in which the temperature 
variation was slight and subjected to varying periods of darkness and 
artificial illumination. Flowers of Calendula carried out their usual 
24-hour cycle of movement when exposed to alternate light and dark 
periods of 12 hours. In darkness an autonomic opening and closing 
occurred in the usual daily cycles. Constant illumination produced 
first opening and later closing, the autonomic movements displayed 
being slow and erratic. Flowers subjected to alternate light and 
dark periods of 6 hours or less exhibited only the usual autonomic 
rhythm. The normal daily rhythm of autonomic movement was not 
affected by the period to which the flower had previously been ex- 
posed, but the time at which the darkened flower assumed a given 
floral stage depended upon the time of the preceding dark period. 

Autonomic movements were greater in darkness than in light, 
but no periodic movements were observed in the open flower. Dark- 
ness was thought to sensitize rather than stimulate; the maximum 
amplitude of movement could be induced in Calendula flow'ers after 
24 hours in darkness. Light and dark periods to which the leaves had 
been exposed produced no effect on the movement of the flowers. 
Opening or closing when once initiated could not be reversed by 
changing the stimuli to those usually causing the opposite reaction. 
Light showed an inhibiting effect upon the buds of Calendula. A 
given light period that suppressed the normal daily periodic move- 
ments of the flower subjected to it in the afternoon, was without effect 
when administered in the morning. The season was also effective 
in sensitizing to light, the best curves being obtained during the 
w’inter months. In weak light or darkness the flowers of Beilis 
perennis did not open, but in bright hght they carried out their daily 
rhythm with gradually decreasing amplitude. In 6-hour light and 
dark periods the flowers opened with the light and closed with dark- 
ness, but w'hen subjected to 4-hour or 1-hour periods they merely 
followed their usual daily rhythm. 

In a detailed series of studies on the leaf movement of Phaseolus 
multi flor us, Stoppel found a simple relation with temperature, the 
leaves I'ising when heated and drooping when cooled. The leaves 
of seedlings grown in darkness displayed the usual movements, show- 
ing that no after effects of light and dark periods were present in 
normal plants. In Iceland, under conditions of continuous sunlight, 
leaf movements were similar to those observed in Germany, differing 
only in amplitude. Pfeffer (1911) found that the leaf movements of 
Phaseolus were not modified by mechanical resistance. The meeh- 



12 


AKTHOKIXETICS 


anism of this luoveuient was active* witiunit Vu*n<liiisi «ii’ and 

increased in power when resiptance was addcfl. 

Ulrich (1911) reported the results of fletailed pludiep of ilie leaf 
movements of scvc’ral species of OxfiUddcffic, finrlinu litdit an im- 
portant factor for all. Oxnlk buph'iiriiufh exhihilod haf r|epop‘-iun 
in .9 secoiuls after stiiniilation by an electric current, a rest perind 
of 7.5 seconds, and a recovery re(pnrintr t».5 niinute-'. \fier a ^<•conIl 
stimulation, reactions up to five in niuuher fulknved wiilt nu further 
external excitation. Succc.spive mechanical stimulations produced re- 
actions of increasing amplitude. The leav(*s of Avfrrhn/i i-arnnthahi 
aSBiuned the night position by a series of depressions followed by 
partial recoveries. Electrical stimuli were cumulative so that a cur- 
rent too weak to produce a reaction would do so if reptuited. and then 
successive reactions followed without further stimulation. Other 
species of Oxalidaccac showed varying dcgree.s of sensitivity. Periodic 
movements corresponding to the usual daily cycle were often evident 
in darkness, persisting until the leaves became partially efiolalefl and 
nearly dead. 

Strasburger, .lost., Schenck, and Karsten (ItilL’i ascribe flower 
movements to differential growth. The stimulus was found to be 
temperature change in the case of tulip, crocus and others; and a 
change in light intensity for the flowers of comjrosites. Silenc noeii- 
fiora, and others. The protection of the essential parts from unfavor- 
able weather conditions, or the promotion of pollination were assigned 
as the cause. 

Pringsheim (1912) has summarized the work on plant, move- 
ments. Light and temperature were regarded as the important 
stimulating factors, and differential growth was considered tin* opera- 
tive cause of flower movement in many cases. A daily periodic cycle 
of sensitivity to stimuli was observed, but periodic behavior varied 
markedly in different species. Flower movements usually coincided 
with the activities of insects effective as pollinating agents of the 
species. Irritability was considered to be only the operation of 
various known chemical and physical law's, some applications of 
which were suggested. The term irritability in the present sense 
of the word could then be dropped. 

Haberlandt (1914) summarized the results of earlier workers. 
He divided movements into (1) release of tissue tensions: (2) growth 
movements with or without the aid of special organs, which may bo 
autonomous (nutations) or tropistic (induced by external stimuli); 
(3) special motor tissue movements, due to differential growth or 
turgor changes. He supposed that different families of fliowering 
plants had evolved different mechanisms of movement, since it was 
known that the various characteristic structures had been developed 


INTEODUCTION 


13 


independently. Thus while curvature in the Cucurbitaceae, Passi- 
fioToceae, Papilionaceae, and Vitaceae was found to be the result of 
differential growth, in the Sapindaceae ii was due to osmotic changes 
similar to those described by Pfeffer in flowers of Centaurea. 

Iljin (1914) found the osmotic concentration of the epidermal 
cells of leaves relatively constant, as determined by the threshold of 
plasmolysis induced by potassium nitrate solutions. The guard cells 
showed considerable variation, but the parenchyma resembled the 
epidermis in showing a constant concentration. Ursprung and Blum 
(1916) checked their method of determination of the osmotic con- 
centration in cells by the changes in volume occurring in various 
solutions, against the results obtained by plasmolysis and found them 
in agreement. 

Bose (1916), and Bose and Prassana (1925), as a result of 
minute studies of plant movement, considered response to be due to 
protoplasmic irritability. The rate of conduction in Mimosa did not 
agree with the water currents in the vessels, as was believed by 
Ricca. Romell (1918) reported the results of a study on the periodic 
variation in sap pressure from a cut stem of Brassica oleracea. This 
author believed that movements were due to irritability, the stimulus 
being changes in root pressure in the case of B. oleracea. Pfeffer’s 
results on the osmotic concentration of the cell sap and Pringsheim’s 
ideas of irritability were discounted. Hendricks (1919, 1923) showed 
that for Phaseolus multiflorus and Tiniaria convolvulus the maximum 
twining movement occurred only after the period of greatest elonga- 
tion of the internodes. Torsion was followed by a slight reverse at 
the time of lignification. Schulz (1921) discovered a relation be- 
tween the floral and geotropic movements in Papaver. Wiggans 
(1921) confirmed the results of Iljin, finding the concentration of the 
epidermal cells of the leaf relatively constant, and that of the guard 
cells with periodic variation. By the plasmolytic method, using 
calcium chloride solutions, concentrations in pigmented epidermal 
cells were found to vary from .16 to .60 molar in Cyclamen, Iresine, 
and Beta. 

Davy de Virville and Obaton (1922) found temperature of 
prime effect in the opening of the ephemeral flowers, Helianthemum 
guttatum, Anagallis arvensis, and Phaenopus murialis, with light and 
humidity of minor importance. In a later study of the same year 
they extended their conclusions to a number of species of diurnal 
and nocturnal flowers. These types were shown to be less sensitive 
to temperature than the ephemerals, and were affected little if at all 
by light and humidity; these conclusions were emphasized again in 
1923. Sensitivity to temperature changes decreased with the age of 
the flower and with the advance of the season. Prom the effects of 
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temperature on the development of the bud, there appeared to be 
a relation between the preceding temperature and the mimbcT of 
flowers open on a plant for any one day. 

LundegSrdh (1922) recorded photographically the iiiuv<'iiif*nis 
of the coleoptile of Avena saliva when stimulated by Hglit. The 
movement showed points of maximum and minimum ajnphf ude with 
increasing 'light intensity, indicating that the curvature was not due 
to a shnple process; with unilateral illumination the growtii curve 
was found to be nearly the mirror image for that of bending. In 
phototropism, time and intensity factors must be considered as well 
as the light absorption by the internal tissues. 

Palladin and Livingston (1922) have given an inclu.«iv<': classi- 
fication of plant movements: (1) growth movements which occur 
in organs undergoing the secondary growth, that is, enlargenu'ni : ihis 
group includes tropisms and the epinastic and hyponastic movements 
of flowers and leaves; (2) turgidity movements include stimuital 
movements, sleep movements of leaves, contact movement. s of Mi- 
mosa, and variation movements of Desmodinm gyrans de.scribed b.v 
Hofmeister. Growth is enlargement for which turgidity is essential. 
Measurements showed that differential growth in response t(> light and 
temperature stimulation produced the opening and closing of tlower.s. 

Suessenguth (1922) has made an important and detailed contri- 
bution to the knowledge of the mechanism of movement, regarding 
differential pressure as its cause. Carbon dioxide in concentration of 
30 per cent changed leaves of Albizzia and other forms from day to 
night position, either in light or darkness, while low concent ratiojis 
(6 per cent) inhibited normal reactions to darkening. This seemed 
to be due to the swelling effect of carbon dioxide on the colloids. 
Chloroform, ether, and illuminating gas tended to prevent the usual 
daily movements, the former causing Mimosa leaves to assume the 
night position because the general permeability to water resulted in 
the loss of differential turgescenee. Hydrogen, nitrogen, and oxygen, 
not being ionized, showed little or no effect upon movement, and 
this was also true where the air was ionized by means of uranium. 
Relatively turgid cells lost water under the influence of light, rela- 
tively flaccid ones gained water. Stomatal transpiration was of no 
importance in leaf movement, the behavior of the guartl cells not 
being correlated with it. Transpiration was believed to be signi- 
ficant only in the portion most actively concerned in movement, 
and since stomatal condition had little or no effect upon leaf behavior 
there was probably no noteworthy translocation of solutions. Root 
pressure had no effect, but it was thought that respirational carbon 
dioxide might produce swelling of the colloids. It was concluded that 



INTRODUCJTION 


15 


interactions due rather to colloids than to crystalloids controlled the 
water relations and hence the movements of the leaf. 

Brainier ( 1922, 1924, 1926) obtained a close correlation between 
growth and curvature in the coleoptile of oats. He believed that 
light, by increasing the permeability of the cells, as shown by elec- 
trical conductivity determinations and plasmolysis with sodium ni- 
trate solution, furthers the conduction of growth-inhibiting materials. 
Light rather than temperature was considered to be the stimulating 
factor for leaves of Phaseolus multiflorus. Saxton (1923) described 
the leaf movements of a number of common Indian plants. Most 
of these movements required 40 to 45 minutes and occurred in sun- 
light. Pranchard and Waight (1923) found that the irritability of 
pteridophytes, as measured by the presentation time, depended on 
the stage of development of the fronds. 

Skene (1924) regarded temperature as the usual causal factor 
in the opening of flowers, although light was effective in some in- 
stances. Closure was believed to be an automatic reversal of the 
opening process, and differential growth responsible for the actual 
movement. Basically, movement was explained by rhythm which 
was induced, accentuated, or modified by external factors, the rhythm 
itself having been caused by inherent factors or by a sunamation of 
external ones. Night closing was for the protection of the essential 
organs against moisture, but the advantage of day closure was ob- 
scure. No flowers were known to respond to changes in humidity. 
Opdenbosch (1924) found that in flowers of Tulipa, Ornithogalum, 
EschschoUzia californica, and E. dcniglasi, light had no perceptible 
effect, but that high temperatures hastened and low temperatures 
retarded the opening-closing process. 

Snow (1924, 1925) studied conduction of stimuli in the leaves 
and stems of Mimosa spegazzird and M. pudica by following the 
spread of stains in the tissues. It was concluded that the spread 
of a stimulating substance through the xylem accounted for the con- 
duction in the stem, as shown by Eicca, but this could not be the case 
in the leaves where the stimulus conduction does not always agree in 
speed or direction with the water current. 

Truinpf (1924) studied the effect of light on the growth of 
stems and leaves. Red and blue light affected the growth of the stem 
and leaf in opposite ways. Conduction of light effects between organs 
could not be shown, but such effects did not occur during narcosis 
and at low temperatures, and were regarded as dependent on photo- 
chemical action rather than on irritability. There was a light re- 
quirement for leaf movement in Phaseolus multiflorus independent of 
that necessary for chlorophyll formation. Ursprung and Blum (1924) 
followed the turgor changes in the guard ceUs of ConvaMaria 
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7 najalis and in the root tip of Vicki fnba by means f»f vnltune ehances 
in cells placed in various solutions. In the eurviiifr zoni' uf th^ roofs 
of V. faba and in the stems of Tradeseantia the osnu»1ir jua ssurc was 
similar on the opposing sides, but the tnraor pressun- and s icPon 
force were greater on the convex than on the concave side, (lut ten- 
berg (1925) described the mechanism involved in ilic inovcnicnis of 
the leaves of Dionacff. muscipnh. Osmotic jiressurc in the iI.-mu: 
fluid was observed to increase to 14 atmosphere's undi'r st iinulus. d’he 
mesophyll cells increased in size as did those of the lower c'pidf'nnis, 
but the cells of the upper epidermis did not enlarge-, and inovoinent 
resulted in consequence. 

Nuernbergk (1925) made a detailed study of sleep positions oc- 
curring in leaves during the day. He distingui.shed a “light sleep” 
and a “heat sleep,” the former being a response to the .shorter waves 
of the visible spectrum, and the latter to the total energy absorbed. 
These movements were repressed by temperatures abiive the optimal, 
but showed no relation to stomatal movement and transpiration, 
though of advantage, the author l>elieved, iu placing the c!ilf»ropIasts 
in reduced illumination. Kiister (1927) reported detailed researches 
by the plasmolytic method. Injury to the cells may cause plastnoly- 
sis, but this can be checked by the recovery of the plasinolyzed cells 
when placed in water. 

Ivanow (1927) determined the water content of the petals of 
Paeo7iia, Rosa, and Papaver to be 81.1 to 84.7 percent. Thehygro.scopic 
w'ater of petals from various species was found to vary from 10.02 
to 14.25 per cent of the dry weight. The ash content of petals was 
very high, the maximum being 20 per cent, and the transpiration rate 
was also greater than that of leaves. Hofler (192S) made a detailed 
study of plasmolysis induced by solutions of sjdts of various juetals 
and concluded that the endoplast was of great importance in vary- 
ing the form of plasmolysis. Beck (1927, 1929) studied plasmolysis 
by the methods of Ursprung and Blum and found the speed of plas- 
molysis and deplasmolysis different. Cane sugar was recommended as 
a plasmolyzing material, as deplasmolysis did not occur and consider- 
able time could be allowed for observations. 

Andrews (1929) found that crocus and tulip flow-ers opened 
at temperature increases of .2° to 1° C., but the rate of movement 
under these circumstances was slow. Crocus flowers could be opened 
and closed many times in rapid succession and were more sensitive 
to temperature changes than those of tulip. Nigel (1926) has shown 
that stimuli may be transmitted through water film. Kienholz ( 1 927) 
recorded a cessation of growth and even a shrinkage in stem length 
of several Philippine species during the daylight period. This be- 
havior did not coincide with the evaporation rate as measured by an 
atmometer, but more nearly with the light variation. 
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PRESENT KNOWLEDGE OP THE PHYSIOLOGY AND 
MECHANISM INVOLVED 

In the course of the observational and experimental studies out- 
lined above, a knowledge of the physiological mechanism of the 
processes concerned in flower movement has gradually developed, 
furthered materially by the results of researches in other fields. Since 
the work of Pfeifer, showing that a differential elongation on the two 
surfaces of the perianth accompanied the opening ajud closing of 
flowers of tulip, crocus, calendula, daisy and others, the mechanism 
involved has been generally accepted as growth. Pfeffer’s use of this 
term is inclusive, as may be seen from his definition, “The term growth 
may be used to indicate all formative processes leading to a change 
of shape or of structure.” Enlargement is the usual measure of growth 
from which our quantitive knowledge of this complex process is ob- 
tained. Few quantitative estimations of the cell-division or material- 
deposition phases of the growth process are applicable to higher plant 
forms. De Vries (1877) demonstrated the intimate relation between 
growdh and turgidity, while Pfeffer’s work brought out clearly the 
importance of the osmotic concentration of the cell sap and of the 
permeability of the investing membranes of the cells. 

Extensive research on the osmotic relations of tissues and tissue 
fluids has been carried out. Among recent investigators, Dixon (1914), 
Atkins (1916), and Harris and his associates (1916, 1917), have 
shown a relation between the concentration of the tissue fluids and the 
habitat and functions of the plant. Osmotic concentration bears an 
important but complicated relation to the activities of plants, but it 
has become evident that it affords but incomplete insight into the 
physiological activities of tissues. 

Recently Ursprung (1923) and Molz (1926) have taken into 
consideration the elastic force of the cell in the study of suction force, 
or the amount of osmotic pressure available above that necessary for 
the maintenance of turgidity. The results differ in varying degrees 
from those of osmotic concentration, but they have not been related 
more intimately to plant activities. Investigations of irritability, 
though extensive, have not contributed much to knowledge of the 
mechanism of flower movements, beyond the details of the time and 
intensity relations of stimulus and response. Verworn (1912) has 
given a complete discusion of the studies in this field. 

Of equal importance with osmotic concentration is the perme- 
ability of the structures in which the solutions are enclosed. Stiles 
(1925) has given an excellent summary of results and a complete 
bibliography. Quantitative measurements of permeability are difficult 
because of frequent changes both in this condition of the tissue and in 
the substances present. There can be no doubt of the intimate rela- 
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tioii between growth, turgidity, osmotic pressure, and perinea! 

Thus far conclusions applicable to flower movement are few. lieyond 
the knowledge that changes in permeability occur frefiiienlly in ])]anl 
tissues, show periodic fluctuations, and affect growth and movement 
through turgidity conditions. Whether or not such chaiigf's in per- 
meability as have been measured are sufficient to account for turgidity 
alterations and the resultant movements seems doubtful (Black- 
man and Paine 1918), but there can be little question that they arc 
a contributory cause. MacDougal (1920) has discusst'd the signifi- 
cance of hydration in growth phenomena, and related it to the com- 
position, acidity, physical state, and other conditions of the cell. 

Flower movement is not attributable to the primary phase of 
growth, since actively dividmg cells occur in the early dcvclojimcnt 
of the bud rather than in the flower, and also because of the rapidity 
and frequency of movement in response to stimuli. Turgidity of the 
tissue actively concerned in movement is of great importance in the 
flower, and in final analysis depends upon the water relation.s and im- 
bibitional conditions of the tissue. Some of the characteristics of 
growth, and even a type of periodicity, may be exhibited by colloids of 
compai-atively simple composition. 

Contractions are not unknown in growth processes, for Bose 
(1916), and recently Dowling (1923) and Kienholz (1927), have 
shown that a rhythmic elongation and contraction may occur. Studies 
sufficiently accurate to ascertain whether flowers in process of oiren- 
ing and closing exhibit a similar rhythm have not been reported. The 
growth process occurring in flower movement is to be connected with 
hydration and the turgidity of the tissues^ and through this with 
the permeability of the cells and the osmotic concentration of the 
tissue fluids. Crozier (1926-1927) has shown the similarity beBveen 
the curves for growth and autocatalytic action, and this would seem 
to indicate a chemical reaction as a limiting factor in the process, 
possibly a reaction resulting in the formation of substances of high 
osmotic activity from those of low. Ivanow (1927) has shown that 
the position, structure, and mineral and organic content of the petals 
indicate the importance of the water relation of this organ. 

^ Biinning (1929) found that the tissues on the two surfaces of the 
perianth of Twlipa ffeswen'awa behaved differently, protoplasmic ac- 
tivity being directly concerned only on one side. Stern and Buiming 
(1929) found temperature the important factor in the daily move- 
ments of the leaves of Phaseolus multiflorus, changes of one degree 
being effective. Daily periodic movements could be displaced by the 
reversal of day and night temperature relations. 
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METHODS 

The flowers selected were chosen with a view to obtaining as 
complete a repre^ntation of anthokinetic material as possible. The 
species used by other investigators in the field were secured when 
possible, and to these were added many available species that showed 
movement. It was thus possible to apply the methods of comparative 
physiology for analysis of the mechanism involved and the effect of 
the environment upon it. A classified list of the species used is 
appended to this section. 

Field observations were designed to record the behavior of each 
species, and to compare it with others in the same anthokinetic cate- 
gory under various ecological conditions; to this end cultivated forms 
were grown and kept under observation in several habitats. Life 
history studies of each flower were made in the various habitats by 
means of quantitative methods — the environmental factors of tem- 
perature, lights relative humidity and soil moisture being measured 
periodically, or by means of recording instruments. When analysis 
of these data showed a correlation between flower behavior and one or 
more environmental factors, experiments were devised to modify them 
in the field and to supplement this by determinations of internal 
conditions and their accompanying variations. 

Laboratory work was planned to check the conclusions drawn 
from field observations and measurements; thus it consisted, first, of 
the measurement of anthokinetic reactions under carefully controlled 
conditions designed to approximate those in the field or to modify 
important ones; second, of the study of the physiological mechanism 
of the tissues under the various experimental conditions as related to 
the floral reactions. 

Much of the work on flower movement has necessarily been ob- 
servational; this may be due partly to the difficulty of accurately 
recording movements in which the degree of curvature differs in the 
various regions of the moving part. Measurements of the diameter 
of flowers or of the angle subtended by the perianth must be made at 
identical points if the results are to be considered comparable. In 
field work the measurement of angles was found impracticable because 
of the time required in reading, and the necessity of handling the 
flowers, thus altering normal conditions. For this work sets of photo- 
graphs were found to be preferable; by reference to these a record 
of field behavior could be standardized and field observations made 
without loss of time. 

Although these photographic records served as a guide in the 
experimental work, the measurement of angles subtended by the 
perianth tips was employed for ffiese observations. Bristles 1-2 cm. 
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long were fastened to the perianth tips by means of a gum aralnc solu- 
tion, after the method of Stoppel (1910). The accuracy of the read- 
ings was considerably increased by the use of the Smith protractor, 
and it was found that in many cases the angles could be repeatedly 
measured with precision at points marked with India ink. 

The field behavior was studied at intervals throughout tlie entire 
flowering period, during several seasons. Conclusions were cliccked 
in some cases by observations under the different conditions of Colo- 
rado Springs, Colorado, and Tucson, Arizona. The general flower 
behavior was first noted in habitats as different as were available 
for the species. A record of the movements and growth of the bud, 
the peduncle, and the active portions of the flower w’as made. By 
reference to the photographic record the rate of movement was de- 
termined and the effect of age and seasonal change evaluated. 

Temperature, light, and humidity were measured before and at 
the time of movement. Since instrumental readings do not show 
the factors influencing the flower, only ap]5ro.\-iniate %'alues were 
sought which permitted an understanding of the conditions obtaining 
at the time of movement. Temperature readings were made by 
means of thermometers accurate to .2° C., placed with the bulbs 
within or in close proximity to the flowers. Relative humidity of the 
air was determined by means of a cog psyehrometer. Hygrothermo- 
graph records were made in the various habitats with the instruments 
at approximately the flower level. Light was measured by a stop- 
watch photometer, using solio paper. 

Potometers were made by cutting flowers and also leafy por- 
tions of the various species under water and exposing them in weighed 
and sealed vials of tap water. The seals consisted of plasticine over a 
cork stopper in which an opening had been cut for the stem. When 
areas were required they were obtained from blue prints by means 
of a planimeter. The transpiration of flowers was studied in relation 
to the opening and closing movements, age, and length of peduncle. 
The relative water loss of the various flower structures and of the 
surfaces was checked against the movements by oiling portions of 
the surface and noting the behavior and loss in weight as compared 
with unmodified flower potometers, all being exposed in the field 
at normal levels. 

_ The water content of entire flowers or heads and of those por- 
tions most actively concerned in movement was determined by cut- 
ting the material desired in the closed, opening, open, and closing 
stages and placing immediately in weighed vials with rubber stop- 
pers. After weighing to tenths of a milligram, the material was 
dried to constant weight at 100° C., cooled over calcium chloride, 
and the loss in weight considered as water. 
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An attempt was made to determine the relative rate of carbon 
dioxide evolution in various stages of the movement cycle in the 
field by passing air at a constant rate through chambers enclosing 
the flowers and determining the carbon dioxide content. Two con- 
stant-flow aspirators, described by Hottes and Haf enrich ter (1928), 
were employed in a battery, one aspirating the flower chamber and 
the other a blank check. Initial results showed that interpretation 
of the data in relation to movement was uncertain, due to the effects 
of changing temperatures and the respiratory activity of the repro- 
ductive organs. This work was therefore discontinued. 

Although the attempted modification of one factor in the field 
involved the alteration of several, the results were of value in inter- 
preting flower behavior and in checking the effects of unnatural con- 
ditions that necessarily accompany more exact laboratory work. Tem- 
perature changes were thus produced in the field by forcing air through 
a coil of copper tubing heated over a lamp, or cooled by immersion in 
a mixture of ice and calcium chloride. This method resulted in 
changing the light and the relative humidity as well as the tempera- 
ture. For the modification of light in the field, shade-tents were used. 
Temperature alterations were also produced, but to a degree much 
less marked than in the heated or cooled bell jars. The absorption 
of radiant energy was also altered by fixing the flower at abnormal 
angles, but in no case was this of unquestioned effect, since 'during 
the night no result could be expected, and during much of the day- 
light period a considerable surface reflection from surrounding objects 
reduced the effectiveness of the method. Wetting the surrounding 
soil, or reducing the transpiration of the leaves by oiling the surface, 
was used as a field method for altering the water relations of the 
plant. The metabolic activities of the flowers were changed by en- 
closure in chambers containing chloroform vapor or atmospheric am 
diluted with nitrogen or carbon dioxide. 

All flowers under observation were measured and their behavior 
noted during each daily cycle from the first opening of the bud until 
the collapse or inactivation of the flower with age. The relation of 
age to time, rate, and degree of reaction was thus disclosed. 

Since much of the laboratory work was carried out with cut 
flowers, particular care was taken to discover whether cutting changed 
the normal movements of each species. For this purpose five or more 
flowers, the history of which was known, were cut under water and 
exposed in normal position beside undisturbed inflorescences, with 
water supplied to the cut stems in vials. The observations were de- 
signed to determine any change in floral behavior due to cutting, time 
of cutting, length of peduncle, and exposure of the cut surface to the 
air. Behavior effects of incipient wilting, partial desiccation, removal 
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of various floral parts active in opening and closing, and injcrticjii of 
water into the peduncle or receptacle, were used to obtain additional 
field data on the mechanism involved in the various types stutiied. 
For the more accurate control of conditions influencing flower move- 
ment, laboratory methods were e^ntial. In this work the follow- 
ing procedure was used. 

THE ECOSTAT 

An especially designed and constructed apparatizs for the con- 
trol of temperature, light, and humidity was devised, and tlie term 
ecostat (oikos, habitat, and statikos, stationary) applied. 

The ecostat was constructed after the design of similar instru- 
ments which have been used so successfully in the laboratory of 
plant physiology at the University of Illinois. The authors are 
especially indebted to Professor Charles F. Hottes for the use of his 
designs and for his constructive suggestions for the modifications 
required. The authors are also indebted to the Johnson Service Com- 
pany of Milwaukee, Wisconsin, for their interest and coopcratictn. 

The entire apparatus as used is shown in Plate 1, and a cross- 
section drawing to give the essential features of construction in Figure 
1. The ecostat is designed to give delicate, accurate, autinnatic and 
independent control of temperature, humidity, and light. In order 
to reproduce field conditions, it is constructed to control each fac.tor 
over a wide range — temperature, for example, between 10“ and fi0“ 
C. — and to allow a change from one set of conditions to another in a 
very short time. The size, weight, and construction of the instru- 
ment are such that it can be transported easily and without danger 
to the delicate controls. 

The ecostat consists of two separate, independent, glass-enclosed 
chambers mounted on a common base and covered with light-tight 
reflecting hoods. Each chamber has an outside cubic dimension of 
24 inches, giving an internal volume of 9250 cubic inches, and is 
equipped with a thermostat, humidostat, light filter, and instruments 
for measuring and recording temperature, humidity, and light. The 
base of the apparatus is 75 x 25 x 17 inches, constructed of white pine, 
and divided into three chambers, each of which has an internal di- 
mension of 23 x 23x16 inches. The central chamber houses the 
switch board, compressed air controls, and humidifiers. The two 
outer chambers contain the cooling coils, brine tanks, heating (loils, 
and the air-circulating mechanism with its automatic controls, and 
lie iminediately below the experimental chambers. The cooling coil 
and brine tank are separated from the rest of the apparatus in each 
chamber by an air-tight partition heavily insulated with celotex, 
as shown in Figure 1. 
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The entire apparatus is supported at suitable height on a frame- 
work of iron pipe which allows adjustment for leveling the apparatus 



and also houses the electric refrigeration unit which is mounted on a 
cushioning suspension (Plate 1). 

The reflecting hood above each chamber is made of heavy gal- 
vanized iron, enameled white on the inside to insure the maximum 
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efficiency from the lights installed in the top. It is mouiitfd on a 
wooden base which fits inside a retaining nuilding on tlie top of the 
chamber, thus allowing easy removal for adjustment of the light or 
filter. The hoods are 23 x 23 inches at the base, 4x4 indies at. the 
apex, and 18 inches high. Ventilation is secured by means of four 
openings, 3x 3 inches, equipped with sliding doors and io('at«'d near 
the base of the hoods, and four 1-inch openings in th«-' apex. The 
light filter, which rests on the top of the chamber within the base 
of the liood, is constructed from selected plate gl.-iss 22x22 inches, 
cemented in a galvanized iron frame 2.5 inches high. 1'he seal is 
coated with asphaltum to prevent any reaction from chemicals useri 
in screening out various spectral regions. 

Temperature insulation in the chambcr.s is obtain(‘«! by double 
glass walls separated by a quarter-inch dead air space, the glass 
being set in cement and secured to the wmoden corner ]>osts by means 
of molding (Plate 1). Tightly fitting wooden panels are secured over 
the w’-alls of each compartment when experiments are earriei on in 
darkness or under controlled light. 

TEMPEHATIIRE CONTROL 

A Johnson electric thermostat, Room Type No. 2, is mtnmted 
on the instrument board located near the center of the cliatnljer. It 
is connected in circuit with a four-volt storage battery, and actuates 
a specially designed electro-magnetic spring switch in tht' lower cham- 
ber which opens and closes a damper directing the flow of air in t he 
circulating apparatus, and simultaneously opens and closes the circuit 
to the heating coil in the heater box. The apparatus for circulating 
the air consists of the ejector and false floor in the ex]')erimental 
chamber, and the collecting conveyor with damper, motor fan. and 
heater box in the lower chamber. The motor fan is Sirocco Utility 
Blower No. 00, of the American Blower Company. This air-circulat- 
ing apparatus makes a closed system in which the air is drawm from the 
experimental chamber, heated or cooled in the lower chambers, and 
returned again to the upper chamber. The direction of flow in the 
lower compartment is determined by the thermostatic regulation de- 
scribed. If cooled, it is drawn from the false floor, over the brine 
tank into the conveyor and fan, and delivered to the ejector through 
the heater box in which the electric circuit is open. If lieated, the air 
is drawn directly from the false floor into the conveyor fan, and i>asses 
through the heater box to which the circuit is closed, and into the 
ejector. In Figure 1 the flow of air is shown directed over the heating 
coil. The purpose of the ejector and false floor is the even distribu- 
tion of the air in the chambers. This closed system of circulation 
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requires heating or cooling the air in the chambers but one or two 
degrees, and hence allows accurate control. Thermograph records 
show that the temperature of the air in the chamber seldom varies 
more than .5° from that desired by the operator. The selection of 
a thermo-regulation system operating on a double circuit not only 
increases the accuracy of control, but allows a wide range of tempera- 
ture selection. The type of thermostat used can be adjusted very 
closely and requires a minimum of attention when in operation. 

The cooling system consists of a brine tank containing calcium 
chloride solution, for each compartment. The surface area of each 
tank is 600 square inches, but this is greatly increased by a system 
of baffles. The tanks are cooled by coils and a single compressor unit 
of the Universal Refrigeration Company, using methyl chloride. This 
unit has its own thermo-regulator which is set by the operator accord- 
ing to the temperature desired in the experimental chambers. 
Although methyl chloride was selected in preference to other gases 
used in electric refrigeration, because the escape of imperceptible 
amounts would exert a minimum toxicity on the plants, nevertheless 
the utmost care was used in setting up the unit to prevent leakage. 
Even in case of leakage the escaping gas could hardly reach the ex- 
perimental chambers, because of the remoteness of the condenser 
pump and the submergence of the expansion coils in the brine. Since 
the apparatus for circulating air is a closed system, the danger of 
gases from the room entering the experimental chambers is 
minimized. 

HUMIDITY CONTROL 

The relative humidity is controlled by the injection of moist or 
dry air into the experimental chambers. This in turn is regulated by 
a Johnson hiimidostat on the instrument board in the chamber, and 
connected in series with a four- volt battery circuit and a Johnson 
electro-magnetic I. P. air- valve which receives compressed air main- 
tained at a pressure of 20 pounds per square inch. The valve directs 
the air through a specially constructed humidifier, or through a cal- 
cium chloride drying tower, and into the chambers according to the 
contacts made by the humidostat. In Figure 1 the drying tower is 
shown connected directly in the compressed air line. 

The humidifier consists of a galvanized iron container mounted 
on an electric heating unit, and enclosing an atomizer of large capacity 
which when receiving air through the electro-magnetic valve humidi- 
fies the air in the container and forces it into the chambers. Because 
of the necessity for accurate temperature control, it is undesirable to 
inti’oduce into the experimental chamber a stream of air the tempera- 
ture of which differs widely from the desired range. The water in the 
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humidifier may be heated and any desired temperanire inainiaincd 
by means of a three-ampere heating unit beneath. eDiiirnlled ]iy a 
DeKhotinsky thermo-regulator. Cooling devices for the liuniidifif'r 
were found unnecessary, because at low teniperatun'.s very little mois- 
ture is required in the experimental chamber.^. 1’he humidifier is 
also provided with a oomstant level deviec of eummon design i ncit 
shown in Figure 1) for maintaining the proper voluim' ftf water. 

This system of humidity control will maintain the relative* hu- 
midity of the air in the experimental chambers within a range* of 25 
to 75 per cent, at all temperatures within the capacity of the ecostat. 
with a maximum variation of 5 per cent. At humieiities greatei* than 
75 per cent, the limits of control are slightly greater. 

LIGHT COXTEOL 

Light is supplied the compartments by Edison Mazeia nitrogen- 
filled bulbs mounted at the apex of the hood. The de.sircd intensity is 
obtained by using bulbs of different current consinn])(ion. the light 
filter, and in case of very low intensity, by in.«crling a resistance of 
proper size in series with the lamp. The use of water in the light filter 
provides thermal insulation by screening out the longer waves, and 
various solutions may be used for the absorption of different spc'ctral 
regions. In all cases the quality and quantity of liuht reaching the 
plant in the experimental chamber must be measun’d by .standardized 
illuminometer and spectroscope. 

LABORATORY PROCEDURE 

Ecostat studies were designed first to test the behavior of flower 
types under conditions of constant temperature, light, and relative 
humidity. The periodic reactions were compared in time and rate 
with field checks, and the comparative behavior was studied in this 
manner at various levels of temperature, light, and humidity. As the 
three controlled factors ’were changed singly, any reaction was re- 
corded by angle measurements made at intervals of one hour or less, 
according to the speed of movement. Changes ’^vere usually made at 
the normal time for the expected and the reverse movements, and at 
intermediate times as behavior required to determine the periodicity 
curve. Temperatures from 10° to 40° were used, light xmlucs ranged 
from 0 to 500 candle meters, and relative humidities from 20 to 95 
per cent saturation. The attempt was made to determine the magni- 
tude of change in a single factor necessary to cause an opening or 
closing reaction, and the relation of this to time of day, level of other 
factors, habitat conditions, season, age, time of cutting, and length 
of periods since the preceding stimulation and reaction. 
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In so limited a region as that actively concerned in flower move- 
ment, micro-methods alone can furnish direct measurements, but for 
this a better technique than has yet been developed is greatly to be 
desired. A detailed microscopic examination of freshly cut sections 
of active tissue was made under suitable magnifications. Sections of 
active tissue and of epidermis, stripped from the regions concerned, 
were plasmolyzed with solutions of sucrose. Tissues were taken from 
flowers in various stages of opening and closing in the fleld, as well as 
from those in the eeostat chambers, with the object of obtaining com- 
parative results from the opposing sides of the active organs. Sections 
from opposing surfaces were mounted simultaneously in the same 
solution and frequently under a single cover glass. Sections were 
placed immediately in the solution to be tested so that no changes 
either in the concentration of the solution or the permeability of the 
section occurred from previous use. Sections were observed after 20 
minutes in the solution at approximately 20° C., the time and tem- 
perature being kept constant during comparative observations. The 
sucrose solutions used were freshly made up from chemically pure 
material and the values checked frequently by means of the Abbe 
refractometer. The solutions were made up with differences no greater 
than .1 molar when the approximate concentration of the tissue fluid 
was known. A solution was considered slightly hypertonic when the 
majority of the cells to be seen in three high-power flelds showed the 
beginning of plasmolytic contraction in 10 minutes at 20°. 

Some determinations of suction force were made by measuring 
the cells to ascertain the initial contraction, but this method was 
discontinued since it seemed to give results similar to those of plas- 
molysis and also had the disadvantage of greatly reducing the num- 
ber of cells observed. Attempts to estimate the hydrophilic colloids 
of the tissue by staining with malachite green were not successful 
because of the difficulty of measuring the dye absorption by micro- 
methods. An apparatus for determining the freezing point of the 
cell sap under the microscope was developed and employed to a 
limited extent in checking plasmolytic results. The temperature of 
an insulated microscope stage was controlled by the circulation of a 
calcium chloride solution heated by an electric resistance coil or cooled 
by carbon dioxide expansion. The mount was enclosed between an 
upper and lower compartment, and the temperatures obtained by 
means of a thermocouple, while the formation of ice crystals was 
observed under dark-fleld iUummation. As most of the present work 
had been completed before the micro-cryoscope was available, little 
progress was made in this promising line, but this work is being 
continued. 
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SPECIES STUDIED 

The following species were studied in more or less detail, but 
experimental work was limited to a few representatives of different 
types. 

Hemeranthous 


Acroclinium roseum 
Agoserk califomica 
Agoserk grandifiora 
Agoserk major 
Ammohimn alatum 
Anagallk arvensk 
Anagallk grandifiora 
Arctotis grandk 
Aster bigelovi 
Calochortus gumikoni 
Cichorium intybus 
Crepk alpina 
Crepk foetida 
Crepk runcinata 
Crepk tectorum 
Dimorphotheca aurantiaca 
Eschscholtzia califomica 
Gentiana amarella 
Gentiana calycosa 
Gentiana frigida 
Gilia aurea 
Gilia capitata 
Gilia, densifiora 
Gilia tricolor 
Glaucium corniculatum 
Godetia grandifiora 


Helichrystim bract ea i urn 
Hieracmm horcale 
Hieracium sabattdum 
Hieracmm saaifragum 
Lactuca puichclla 
Layia elegans 

Linum rubrum grandiflorum 
Malacothrix californica 
Malacofhrix ferrdleri 
Malva mosckata 
Malva rotnndifolia 
Mentzelia lindleyi 
Papaver argemonc 
Papaver dubiuni 
Papaver kybridum 
Ptiloria tmmi folia 
Reickardia Hngitana 
Rosa xpoodsi 
Sonchus arvensk 
Spkaeralcea coulteri 
Taraxacum officinale 
Tolpk barbata 
Tragopogori porrifolius 
Tragopogon pratenm 
Tulipa gesneriana 
Xeranthemum annuum 


Ephemebal-hembranthous 


Convolvulus arvensk 
Convolvulus elongatus 
Convolvulus major 
Convolvulus repens 
Convolvulus sepium 
Convolvulus tricolor 
Echinocactus galeotti 
Erodium cicutarium 
Hibkcus trionum 


Ipomoea leptophylla 
Ipomoea purpurea 
Ipomoea rubro-coerulea 
Ipomoea setosa 
Linum usitatksimum 
Linum perenne 
Portulaca oleracea 
Tradescantia virginiana 
Tribulus terrestrk 
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Nyctanthous 

Mentzelia multiflora Mentzelia mida 

Ephemekal-ntctanthous 


Agrostemma githago 
Allionia nyctaginea 
Gaura coccinea 
Gaura parviflora 
Godetia quadrivulnera 
Ipomoea grandiflora 
Mirabilis jalapa 
Mirahilis longiflora 
Oenothera alhicaulis 
Oenothera biennis 
Oenothera bistorta 
Oenothera caespitosa 


Oenothera coronopifolia 
Oenothera dmmmondi 
Oenothera hookeri 
Oenothera lamarckiana 
Oenothera missouriensis 
Oenothera pallida 
Oenothera rhombipetala 
Oenothera rosea 
Oenothera spiralis 
Oenothera trichocalyx 
Silene inflata 
Silene noctiftora 
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TIJLIPA GESNERIANA 


FIELD BEHAVIOR 

The varieties of Tulipa gesneriana differ more in ilorai shape 
and color and in the flowering season than in field beliaviur. The 
Cottage and Darwin varieties were used for this work. At Colorado 
Springs during May and June the large erect buds opened by 8 a.m., 
remained open throughout the day, and closed at or shortly after 
sundown, 6 to 7 p.ii. During cool days in the early of the 
flowering season the flowers open later in the morning and may close 
by noon. During late June, flowers fully exposed to sun and wind 
closed before noon in a slightly flaccid condition. 

The rate of movement in the field was variable, being influenced 
by several independent factors such as temperature, season, and age 
of flower. Observations on ten flowers opening for the si’cond time 
in the field at Colorado Springs in May gave an average of 32 min- 
utes for the opening and 67 for the closing movement. June rearl- 
ings gave lower values, but the difference was slight bcc-ause the degree 
of maximum expansion of flowers of equal age increased with the 
lateness of the season. 

As the flowers became older, the periantli ])arts opc'mni to a 
greater angle in the morning and failed to close completely at night. 
The daily movements w’ere repeated until the flower withered, its 
age at this time depending on weather conditions. During the early 
part of the flowering season, flowers may remain active for 8 days, 
but if exposed to high temperatures and wind, two days often marks 
the extent of active life. The severity of conditions promoting rapid 
desiccation seemed to control the active life of the flower. 

STRUCTURE 

The basal thickening of the perianth parts of the tulip has 
been recognized as a pulvinus since the work of Pfeffer. This struc- 
ture is largely composed of parenchymatous tissue, "with the cells 
so arranged that movement can take place without a shearing action 
(Farmer, 1902) , and are abundantly supplied with intercellular spaces 
into which cell fluids may escape with a consequent reduction of tur- 
gidity. The outer epidermis is more heavily cuticularized than the 
inner. Stomata are absent or functionless. Although a portion of the 
curvature occurs over the entire perianth, by far the greater amount 
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takes place in the region of the basal thickening which thus is of 
especial importance. 

MEASUREMENT OF FACTORS IN THE FIELD 

Air temperature, relative humidity, light, and evaporation were 
measured in close proximity to the flowers of Tulipa gesneriana under 
observation. Only general quantitative relations could be discovered. 
While the flowers opened under increasing temperature, light, and 
evaporation rate, and closed under reverse relations, the records 
did not show a positive correlation between the reaction time, or the 
rate of movement, and the intensity of the factors operative at the 
time. 

Transpiration observed in ten flowers at Colorado Springs, June 
6, gave the following results, computed on the area determined from 
the blue prints of the flower parts made at the close of the experi- 
ment, and expressed in grams loss per hour per square centimeter 
of perianth surface. Evaporation was measured from a small black- 
ened pan exposed at flower level six feet away. 


Time 

Condition 
of Flowers 

Transpiration 

Evaporation 

Transpiration- 

Evaporation 

5-6 a.m. 

Closed 

0.020 

0.006 

3.3 

6-7 

Opening 

0.018 

0.007 

2.6 

7-9 

Open 

0.026 

0.007 

3.7 

9-n 


0.035 

0.009 

3.9 

11-1 p.m. 


0.042 

0.010 

4.2 

1-3 


0.048 

0.010 

4.8 

3-5 


0.046 

0.014 

3.3 

5-6 


0.037 

0.013 

2.8 

6-7 


0.024 

0.008 

3.0 

. 7-9 

Closed 

0.025 

0.007 

3.6 


There is no evidence here, or in similar determuiations of which 
this is typical, of an altered transpiration rate ascribable to the posi- 
tion of the flower parts. This is perhaps due to errors unavoidable in 
the method of measurement. Since transpiration in the tulip flower is 
largely cuticular, the fall in relative transpiration-evaporation rate 
in the afternoon is probably caused by the partial desiccation of the 
tissues. To check this, the water content of the basal portion of the 
perianth parts was determined at intervals during, immediately pre- 
ceding, and following the opening and closing of the flower. For this 
purpose, only flowers were used which were known to have opened 
for the first time on the same day as those used in the transpiration 
study given above. Results are expressed in percentage water of 
original weight. 
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Time 


6:15a.iTD 

.'j-.Wp.m. 1 fcSOiun, | 

9 PM, 

' Water,.'' Content % 

96.,.24. 

m'M 

■ mm } mi. 57 

III 35 


These results show that in the basal portion of tulip perianth tlie 
water content of the tissue is high immediately preceding and at tiie 
time of opening of the flower, and falls to a lower level at the time 
of closing. 

FIELD EXPERIMENT 

A number of experiments designed to control the factors in the 
field were undertaken. For reasons already discussed, tlie results from 
such work can only be utilized in a very general way, but they atford 
a cheek against any possible effects caused by abnormal conditions 
incident to the more detailed laboratory experiments. Tlie following 
is typical of results obtained in several similar experiments. 

May 20, at 8: 15 a.m. four tulip flowers were covered with tw'o bell 
jars, the flowers being in the shade at an air temperature of 9^ C., 
and a relative humidity of 51 per cent. The temperature of the first 
or control jar varied between 9° and 9.2° during the experiment; the 
humidity rose to 60 per cent. Heated air was forced into the second 
bell jar at the rate of 100 cc. per second, the temperature rising as 
follows: 8:15, 9°; 8:30, 16°; 8:45, 19°; 9, 19.5°. During this time 
the relative humidity rose to 63 per cent. One flower in the second 
bell jar began to open at 8:25 and was fully expanded at 8:50; the 
second flower responded similarly, 8 :45 to 9. During this experimental 
period the checks enclosed within the control jar did not open, ami 
this was also true of the untreated flowers in the adjacent bed. 

At 11:50 A.M. five flowers were cut under w'ater, all being fully 
open for the third successive day. One of the^ flowers was supplied 
with a vial of water and left in the bed at normal exposure, two were 
similarly placed and covered with a light-tight box, and the remaining 
two were placed in darkness in a refrigerator at 2.3°. The tempera- 
ture in the dark box was variable but averaged 18.8° for the experi- 
mental period. Humidity values both in the dark box and the refrig- 
erator approached saturation; in the open bed the readings ranged 
between 40 and 60 per cent. The flowers in the refrigerator closet! 
in 45 minutes, while those in the dark box and those at normal ex- 
posure in the bed remained open. 

Field results such as these confirm the conclusions of Pfeffer and 
of numerous later workers that tulip flowers respond in their opening 
and closing movements mainly to temperature changes. 

Flowers cut under water were repeatedly exposed in the bed 
adjacent to normal uncut flowers of the same age and variety, but in 
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no case did any abnormal behavior result from cutting within 48 
hours. The exposure of cut flowers unprovided with a supply of water 
resulted in closure with the progress of tissue desiccation. 

LABORATORY EXPERIMENTS 

Several colors of the Cottage and Darwin varieties of Tulipa 
gesneriana were grown in garden beds at Baldwin, Kansas. The 
bulbs were planted in free soil, or in 3-inch pots embedded in the 
soil. The plants flowered throughout April, the flowers opening from 
8 to 11 A.M., and closing by 4 p.m., or on cool days remaining closed. 

Cut flowers were used, since cutting did not change the floral 
behavior, while the removal of potted plants from the soil disturbed 
the root systems and resulted in a lag in the temperature and humid- 
ity control of the ecostat chambers. All flowers used were cut under 
water and immediately placed in the chambers of the ecostat, which 
was in operation in the nearby laboratory kindly supplied for this pur- 
pose by Baker University. In all cases the unopened buds were tagged 
in the field and a history of their behavior for several days recorded 
to make sure that all material used in an experiment was of equal 
active age. Uncut flowers comparable to those used in the experi- 
mental chambers were left in the bed for reference as to field behavior. 
Similar fiowers were cut and left in the bed at normal exposure and 
supplied with the same tap-water furnished the flowers under experi- 
ment. 

The degree of opening was measured with the protractor at the 
outset of the experiment and at succeeding intervals, without opening 
the chambers or disturbing conditions within. The values tabulated 
are computed from these readings in percentage of full opening, based 
on the average maximum expansion observed in the set. 

In this connection the flowers were placed in the field at the close 
of the experiments and the maximum expansion recorded and com- 
pared with that found both before cutting and in the ecostat. The 
values given in Table 1 are thus comparisons with the maximum 
movement of which the flowers used were capable. The post-experi- 
mental field behavior in all cases showed an approximately normal 
reaction to field conditions. The experimental conditions were thus 
not so abnormal or prolonged so greatly as to change the behavior of 
the flowers, and the responses obtained may be recorded with con- 
siderable surety as normal. 

PERIODICITY 

In order to determine any periodic movements present, tulip 
flowers were studied under conditions of various constant tempera- 
tures, light, and humidity. All flowers were cut immediately before 
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the beginning of the experiments. Readings at the ctjmparod Icin- 
peratures are given in similarly numbered columns, right mid h-ft. 
in Table 1. Each value is averaged from the readings made on ten 
flowers. 

From the results of Experiment 1 and the curves of these values 
shown in Figure 2, it will be seen that a closing reaction occurred 
at the begmning of the experiment and was followed by a gradual 
expansion to approximately complete opening whicli pei^istod until 
the end of the experiment. The slight unavoidable cooling of the 
flowers as they were brought from the bed through the laboratory 
to the ecostat accounts for the initial closing movement, since this 
result did not follow cutting when the flowers were left in the field. 
This initial closing movement continued two hours after the intro- 
duction of the flowers into the experimental chambers, and the rapid 
ensuing expansion carried the opening to a point from which the 
rate fell to the curve of gradual expansion characteristic of the second 
period of activity. The opening process, occurring during the after- 
noon, was slow and only reached completion during the morning 
hours of the following day. No periodic movement was shown. 



TIME 

Fig 2,— Percentage opening of flowers of. Tulipa g^meriana imder constant con- 
ditions at different temperature levels.. 

For the further study of periodic movement and of the tempera- 
ture relations of the flowers, an extended series of experiments was 
carried out under various constant conditions as well as with con- 
trolled variations. 



Tumpa Gesneriaka 

Behavior (per cent open) of flowers subjected to various constant temperatures at different times of day. 
Ex. 1: 40 foot-candles, 65% humidity, 26° and 20° C. Ex. 8: flowers changed reciprocally between 30° and 15° C 

Ex. 2-7 : 12.75 foot-candles, 60% humidity, 30° and 15° C. Readings at 15° are marked with an asterisk. 
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In Experiment 2, the average results of which are grapheti in 
Figure 3, the flowers were installed at 2 a.m. when in the closed 
condition. Both the 30° and 15° curves show periodic nK»Yc*ment 
during the first daylight period, closing slightly in the afternoon, 
remaining constant through the night, and reopening the following 
morning. No evidence of this periodicity appeared after the opening 
of the second day, during which the flow'ers maintained a position 
proportional to the temperature. 

Experiment 3 differed from Experiment 2 in that the flowers 
were placed under experimental conditions at 6 a.m. The 30 ^ curve 
agrees in general with that of Experiment 2, showing a slight periodic 
opening and closing in the forenoon and afternoon respectively of the 
first day. At 15°, after an initial opening movement due to brief 
exposure to the laboratory temperature which was considerably above 
that of the bed at this time of day, the flowers closed and exhibited 
no periodic movement. 

When Experiment 4 was begun at about the normal opening 
time, 8 a.m., a similar result was obtained, as may be seen from the 
curves shown in Figure 3. These curves differ from the correspond- 
ing ones in Experiments 2 and 3 chiefly in displaying an increased 
rate of reaction, and a longer and more nearly normal open period at 
30°. Periodic movements are shown as before in the slight closing 
in the afternoon, and reopening the following morning. At 15°, the 
flowers closed in four hours and exhibited no further periodic move- 
ment. In this case again, periodic effecte were absent. 



TIME 

Fia 3.— Percentage opening of flowers of Tvlipa gemeriamui under constant con- 
ditions at different temperature levels. 


At 10 A.M. the flowers had just previously reached full expan- 
sion. In Experiment 5 (Fig. 4), when they were placed in the cham- 
bers, closure began immediately at 15°, and after but 2 hours at 30°. 
The periodic movements, while conspicuous, were hastened so that 
both the closing and the succeeding opening began before the usual 
normal daily period. 
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Experiment 6 (Fig. 2), like Experiment 1, was started at noon. 
Rapid closing was followed by the periodic morning opening only 
in the 30° chamber. 

In Experiment 7 (Fig. 4) flowers which were closing were used. 
After completing the closing movement they remained closed at 15°, 
but soon began the opening process at 30°, and continued a gradual 
expansion which persisted almost to the close of the experiment. No 
purely periodic movements were evident. 



Fig. 4. — Percentage opening of flowers of Tulipa gesneriana under constant con- 
ditions at different temperature leveis. 


It is evident from the results of these experiments that daily 
periodic movements are frequently shown by tulip flowers under the 
experimental conditions here used, at 30° C. This movement ap- 
peared only during the first daily period after removal from the 
field, and displayed the greatest amplitude in flowers which were 
exposed to field conditions during the morning and were removed to 
the experimental chambers in the open condition. It appears that 
this periodicity is predetermined by the exposure of the flower to day- 
time field conditions, and that in the absence of additional external 
stimuli of this nature the intensity of the periodic movement falls 
rapidly in four to six hours. Periodic movements were largely sup- 
pressed at 15°, and did not appear in flowers placed at noon under 
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an illumination of 40 foot-candles and at 20° or 25° fomperature. 
At 15° there was a more or less permanent closure, while at higher 
temperatures and intense illumination there was a gradual and last- 
ing expansion, indicating a stimulating effect which masked the 
periodic one. 

The rate of reaction of tulip flowers in response to temperature 
stimuli is predetermined. This effect is evident when the temperature 
stimuli are applied at different times of day and night. When a 
stimulus of 30° C. was applied at 2 a.m., the total movement of the 
perianth parts was 45.6 per cent. The time required for this reaction 
was six hours. If the rate of reaction is expressed by tlie qtiotient of 
/ 45 . 6 \ 

these figures ( is 7.6. When the stimulus was applied at 

6 A.M., the rate was 11.75, or nearly twice that at 2 a.m. The 
rate was not further increased by stimulation at 8 a.m. 

From this it may be concluded that the factor or factors which 
predetermine floral opening movements under these conditions of 
experimentation have exerted their maximum influence by 6 a.m. 
This was not the case at 2 a.m. At 8 a.m. the results indicate that 
no further sensitization had occurred, or that the opposite effect, that 
of the initiation of processes conducive to closure of the flower, had 
already begun. It is evident predetermination is brought about by a 
factor or set of factors which vary during the day and night. Whether 
the flower will open or close when stimulated is determiiied by the 
nature of the variation. It may also be found to depend upon the 
degree of variation or its duration. Predetermination for closing 
when stimulated is clearly shown in Experiments 5, 6, and 7. In 
these cases the effect had reached its maximum by 3 p.xi., under the 
conditions of experimentation. 

Predetermining influences are even more noticeable when the 
rate of reaction analysis is applied to the second opening movement 
in Experiments 2 to 7 inclusive. The ability of the flowers to react 
by opening a second time seems to depend largely upon an induced 
rhythm previously but recently set in motion. The rhythm appar- 
ently depends upon conditions in the field during the forenoon hours. 
This becomes evident when the rates of reaction in Experiments 2, 
3, and 4 are compared with the rates in Experiments 5, 6, and 7. 
In the former, predetermining conditions were not active, while in the 
latter they were in play. This predetermined sensitization is appar- 
ently conditioned by a critical period. In Experiments 6 and 7 the 
opening reaction, though of greater magnitude, was delayed several 
hours. It may be assumed that a counteracting or inhibiting influ- 
ence is at play in the field during the two hours immediately pre- 
ceding noon. 
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That light intensity rather than, temperature is likely to be the 
predominating factor in predetermination effects may be concluded 
by comparing Experiments 1 and 6. This is further emphasized in 
Experiments 9 and 10. 

The closing rates at 15° for 2, 6, 8, and 10 a.m., 12 noon, and 
3 p.M. are .16, 1.94, .6, 8.97, 8.47, and 5.05, respectively. In the 
closing movement there is thus a periodicity, with a predetermined 
critical period in the later forenoon on both sides of which the closing 
rate decreases. 

In Experiment 8, sets of flowers w^ere interchanged between the 
chambers at various times to check the results of temperature varia- 
tions, and to ascertain the effects of periodicity when tending toward 
or against the stimulated response. In selecting the sets for the 
experimental chambers, care was exercised to obtain flowers of the 
same variety and age. The results show very clearly the effects of 
periodicity. From 3 to 6 p.m., the 15° set closed rapidly, while those 
at 30° remained almost motionless. At 6 p.m., when the conditions 
were reversed, rapid closure follow^ed exposure of the partly open 
flowers in the 16° chamber, while the set of closed flowers from the 15° 
chamber expanded very slightly at 30° until after 2 a.m. The 
flowers that remained closed in the 15° chamber during the night 
hours expanded to full opening immediately when transferred at 4 
A.M. to the 30° chamber. At 15°, closure followed in 4 hours, and 
the reopening was completed in an equal time when the flowers were 
placed in the 30° chamber at 10 a.m. The subjection of this set to 
15° at 2 P.M. resulted in rapid closing. The reciprocal set of flowers 
which had been held at 30° during the night hours and 15° during 
the day, never greatly exceeded 50 per cent expansion after 10 hours 
in conditions which when applied in the morning resulted in com- 
plete opening in two hours. It is noteworthy that where exposure 
to a temperature of 30° resulted in complete opening, the process was 
more rapid when initiated at 6 a.m. than at 10 a.m. At the same 
time the closing process initiated by a temperature of 16° was less 
rapid when begun at 6 a.m. than at 2 p.m. 

Tulip flowers often show periodic movements under conditions of 
constant temperature, light, and humidity, tending to produce open- 
ing in the morning and closing in the afternoon. Since under constant 
conditions these movements persist but for one day after removal 
from the field, they are doubtless predetermined by the periodic cycle 
of factors during the preceding day. These periodic movements are 
largely inhibited by a temperature of 15°, and may be masked by the 
exposure of the flowers to an illumination of 40 foot-candles intensity. 
Periodicity is also shown by variations in response to thermal stimuli 
of constant intensity which result in responses of maximum amplitude 
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when the movement agrees with the periodic tendency effective af tiio 
time, and minimum amplitude when the stimulated aii<! periodic 
movements are opposed. 

EFFECTS OP TEMPERATURE 

Experiments 1 to S inclusive show that under similar conditions 
of treatment, age, and variety, the degree of expansion of tuliji flowers 
varied with the temperature to which they were subjected Ih'Iwccu 
15° and 30°. While the flowers responded to temperature changes 
by opening under increased temperature and closing under deerf xised 
temperature within this range, the response differed in amplitude, 
depending on the direction of the daily periodic movement which 
would normally occur at or near the time of stimulation. The effect 
of different temperature levels was well shown in Experiment. 1 , ndiere 
the curve (Fig. 2) for 25° maintains a level above that for 20°. dliere 
was no significant difference between the rates or time of initiation 
of the reaction, the latent period being two hours in both eases: but 
there was a general difference in the level of the curves, correspon fl- 
ing to the temperature. (Latent period has been used iKTet-ofcn-e to 
indicate the duration of stimulation; our ust^ is the more lt>gical one 
of the period of inactivity between the application of a stimulus of any 
intensity and the response to it). If the maximum aud miniiuum 
openings, which are attained only when the movement is favored by 
periodicity, are averaged, we have at temperatures 15°, 20", 25". 
and 30° C, the maximum angular openings of 19°, 150", 152", ami 
180°, and the minimum of —35°. The entire maximum angular 
movement of the perianth is thus 54°, 185°, 187°, and 215" f(»r the 
above temperatures. It is obvious that for the first 20 hours, or uutil 
the final equilibrium value is reached, a comparison of temperature 
effects must be made only at equivalent times. 

When the flowers have received different treatment previous to 
the experiment, a comparison of the absolute values of the restilts 
is not possible. Thus the maximum to which the flow’ers opened in 
Experiments 2, 3, and 4 is far less than the values to be expeclcf! af 
this temperature from the results shown in Experiments 5, fi. nnd 7. 
Experiment 8 shows that when sudden temperature changes hf't ween 
15° and 30° are such that the resulting movement agrees in direction 
with the periodic tendency, complete opening or closing is produced 
under constant light and humidity conditions. 

EFFECTS OP LIGHT 

^ The average results of four typical experiments carried out under 
variations of light are given in Table 2. Ten flowers of Tulipa 
gesnertatm were used in each experiment, and all material was handled 
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as already described in connection with the experiments on tempera- 
ture effects. The ecostat chambers were maintained at 25^ and 60 
per cent humidity, and the light changes were made between dark- 
ness and an intensity of 40 foot-candles by switching the lights off 
and on without disturbing the flowers in any way. The readings made 
in darkness are marked with an asterisk. Comparative readings from 
sets given reciprocal light and dark periods are shown in similarly 
numbered columns right and left in Table 2. 

TABLE 2 

TVhJFA Gesneriana 

Behavior (percentage open) of flowers subjected to constant conclitioiis of 25®C- 
and 60% relative humidity, and to darkness or to 40 foot-candles light intensity, 
at various times of day. 

Readings in darkness are marked with an asterisk. 


Experiment No. 

9 

10 

11 

12 

9 

10 

11 

12 

Time 









1 a.m. 

2.6 




6.1* 




2 

38.7 




4.3* 




4 

41.9 




15.9* 




6 

58.1 

0* 



30* 

0.8 



8 

59.8 

21.0* 



30* 

26.4 



10 

62.2 

41.4* 



32.4* 

59.1 



12 m. 

77.1 

28.4* 

39.5 


45* 

40.8 

38.9* 


2 p.m. 

71.0* 

26.1 

22.9 


48.1 

24.5* 

20.6* 


4 

70.1* 

26.9 

43.1 


52.9 

22.1* 

2S.2* 


6 

63.3* 

26.1 

52.9 

5.5 

64 

18.9* 

29.2* 

2.4 

8 

60.5* 

25.4 

50.1 

5.5 

62.1 

2L.3* 

30.8* 

5.3 

10 

60.5* 

29.2 

58.0 

7.1 

62.8 

18.2* 

36* , 

9.5 

12 mt. 

52.0* 

40,3 

65.6 

7.1 

64.4 

33.2* 

38.6* 

10.6 

2 a.m. 

70.3 

37.8* 

67.9* 

9.6 

46.6* 

36.3 

54.9 

13* 

4 

92.6 

35.5* 

79.9* 

12.2 

49.8* 

! 39.7 : 

68.7 

15.4* 

6 

90.6 

33.6* 

82.3* ' 

15.6 

43.5* 

45 

66.2 

20.1* 

8 

89.8 

37.9* 

82.3 ! 

14.8 

42.6* 

' 48.2 

56.8* 

29.5* 

10 

88.5 

37.1* 

100 j 

26.5 

43.5* 

^ 45.8 

65.5* 

36.7* 

12 m. 

91.1 

40.2* 

100 1 

34 

48* 

45 

76* 

49.6* 

2 p.m. 

89.3* i 

61.5 

100* 

26.2* 

79.3 

35.3* 

67.7 

59.2 

4 

84.2* 1 

54.4 

100* 

20.1* 

80.3 

25.5* 

61 

76.9 

6 

65.5* 1 

48.2 

100* 

20.9* 

82.1 

32.3* 

63.3 

75,9 

, 8 

70.3* 1 

57.7 


10.7* 

82.9 

34.8* 


79,5 

10 

73.3* 1 

22.3 


7.1* 

81.9 

34.8* 


! 87.9 

12 mt. 

74.7* 

47.3 


6.5* 

80.9 

34.8* 


|89J. 

2 a.m. 




15.4 




1 : 91 . 1 

4 




24.8 




' 92.2 

6 




30.8 




■ 96.2 

8 




32 




96.2 

10 




37.9 




400 

12 m. 




64.2 




:100 
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When Experiment 9 was started at 1 a.m. tlie illuminated 
flowers, in response to the periodic opening of the Jiiorniiig. expanded 
to a greater degree than those in darkness. When the lighting was 
reversed at noon, a closing movement of low rate followed the change 
into darkness, while the periodic opening evident in the darkened 
set during the morning hours was slowly carried to a higher level 
during the afternoon. On reversing the illumination at midnight- a 
rapid opening to full expansion followed lighting. Darkening at mid- 
night produced closing, followed by partial opening before noon. The 
secondlight change at noon was followed by slow closing in the dark- 
ness and slight opening in the light. These results show a stimulating 
effect for light of 40 foot-candles intensity, and that it is largely 
effective in producing flower movements when agreeing in direction 
with periodic movements. After the first day the flowers for which 
the light period was the reverse of the usual daily cycle showed dis- 
placed periodicity, going through slight closing movements in rosjmnse 
to darkening during the morning, and partial opening in response to 
light in the afternoon. 

The curves for the average results of Experiments 9 and 10 are 
shown in Figure 5. 



The results of Experiments 10 and 11 show a similar relation be- 
tween the light interval and periodicity. The curves for Experiment 
10 (Fig. 5) show that after the first opening movement in response 
to the temperature of the experimental chambers, there was a grad- 
ual closing both in light and darkness. When the lighting was re- 
versed at midnight there was a slow opening in light and closing 
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in darkness, showing the weakening of the periodic effect by the 
disturbed rhythm which the flowers had undergone during the pre- 
ceding 18 hours. The next light reversal, at noon, resulted in some- 
what erratic movements. The flowers used in Experiment 11 were 
placed in the experimental chambers at noon. These flowers showed 
distinctly the stimulating effect of light by expanding more rapidly 
and to a greater degree when illuminated than when in darkness, 
and the erratic behavior indicated the disturbance of the normal 
periodic cycle. 

The flowers in Experiment 12 were subjected to light and dark 
periods of variable length, and responded by very erratic behavior 
which after the first 24 hours of the experiment showed little effect 
of normal periodicity. Here, as in the previous work, the usual 
periodic cycle disappeared after 24 hours under conditions in which 
the normal daily light and dark period was disturbed. 

Tulip flowers kept at 25° and 60 per cent humidity respond to 
light by opening under increased intensity, and by closing when sub- 
jected to darkness. This effect results only in slight opening or clos- 
ing when the changes are between 40 foot-candles and darkness, unless 
the direction of the movement agrees with that of the periodic be- 
havior. After 24 hours exposure to abnormal light-dark periods, the 
periodic movements are disturbed and weakened. 

EFFECTS OF HUMIDITY 

The comparatively small amount of experimental work which has 
been reported oir the effects of humidity on flowers of Tulipa gesneri- 
ana has uniformly given negative results. A series of experiments 
in which only the humidity varied was carried out along the lines 
of the preceding work. Table 3 gives the averages obtained. 

The averages of five flowers, each at 25°, darkness, and 65 and 90 
per cent relative humidity, are given in Experiment 13. These flowers 
had opened for the first time during the daylight period preceding the 
experiment, and when cut were placed immediately in the ecostat 
chambers. They carried out normal movements when returned to 
the bed the day following the close of the experiment. 

These results show that the flowers opened and remained open 
during the experiment. Although there is no apparent difference 
in rate of opening at the different humidities, the final degree of 
expansion is inversely proportional to the humidity. The average 
maximum angular opening for the series was 156.3 for flowers at 65 
per cent, and 130 at 90 per cent. 

Experiment 14 gives the average percentage opening of five 
tulip flowers observed from 12 midnight in each of the ecostat cham- 
bers maintained at 25°, darkness, and 65 and 90 per cent relative 
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TABLES 
Tclipa Gesnhuana 

Behavior (percentage open) of flowers subjected to constant 
conditions of 25°C., darkness, and various relative humidities. 


Experiment No. 

13 

14 

15 

13 

14 

15 

Humidity % 

90 

90 

100 

65 

65 

65 

Time 

9 p.m. 

12 m. 

12.1 

56.1 

6,9 


14.8 

50.6 

12.2 


3 a.m. 

6 

57.5 

69.1 

50.4 

56.7 

18 

59.5 

78.7 

62.2 

77 

10.8 

9 

82.1 

58.1 

85.5 

87.5 ! 

85. 4 

85.8 

11 1 

64.1 ; 

56.7 

69.8 

84.1 1 

83,7 j 

96,7 

2 p.iii. 

81.4 1 

65,1 

72.9 

98.5 

84.5 ^ 

93.2 

4 

88.2 ' 

61.6 

73.2 

87,5 

90 

85,4 

a 

92.3 

62.3 

71.8 

96.4 

93.1 

77.5 

8 

91.6 

79,9 

69.8 

103.9 

101.5 

76,5 

la 

89.6 

61.6 

71.6 

101,9 

102.8 

69.6 

2 a.m. 

88.9 

65,8 

82. 4 

104 7 

90.9 

85.8 

6 

86.7 

79.8 

95.8 1 

1 

108.7 

106.8 

96.7 


humidity. The flowers were handled as in the preceding experiment, 
and checked similarly for normal behavior the following day. The 
average maximum angular opening of the perianth parts was 161° at 
65 per cent humidity, and 123° at 90 per cent humidity. It will be 
seen that while the general opening reaction is similar in both cham- 
bers, the degree of opening is inversely proportional to the humidity 
jf the air to which the flowers were exposed. Although considerable 
^•ariation is shown, there is no evidence of periodicity. 

Experiment 15 shows the results obtained with flowers cut at 
5 A.M. and kept at 25°, darkness, and 65 and 100 per cent humidity. 
The flowers were selected and treated as described for the compara- 
ive experiments. The average maximum angular opening was 133.8 
or flowers at 65 per cent humidity, and 124 for those at 100 per 
ent humidity. The results show that when placed in the chambers 
he flowers responded similarly by an immediate opening, and that 
his opening continued to a higher degree under conditions of low 
umidity rather than high. The initial opening movement was suc- 
eeded in the afternoon by a partial closing action which was followed 
y expansion continuing to the end of the experiment. 

Tulip flowers are affected by atmospheric humidity. The magni- 
ide of angular opening is increased at 65 per cent humidity, as 
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compared to 90 per cent, at 25° and darkness. This effect of lower 
humidity values is probably connected with the water relations of the 
flower, and through this with the turgidity conditions operative in 
the naovements of the perianth. Atmospheric humidity probably is 
not one of the factors which determine or predetermine periodicity 
of movement. 

TISSUE STUDIES 

Farmer (1902) has shown that turgidity changes in sections of 
the perianth of tulip can produce movements similar to those of the 
opening and closing of the flower. In experiments to confirm this, 
longitudinal sections through an open tulip flower exhibited a closing 
movement when placed in distilled water at 20°. In similar treat- 
ment of sections made through a closed flower a closing movement 
still occurred, bringing the perianth parts into a curved position 
mechanically impossible in the entire flower. This movement re- 
quired about one hour at 20°. When such sections, or similar por- 
tions, of normally closed flowers were placed in an .IM solution of 
sucrose at 20°, the perianth parts slowly spread. This expansion 
occurred more rapidly when the sections were placed in stronger 
solutions. Molar sucrose solution produced complete opening in one 
hour and fifty minutes. Plate 2 shows sections treated as here de- 
scribed. 

If we assume the impermeability of the cells to their solutes and 
to sucrose, which seems permissible from studies made by others, the 
effect of a h}rpertonic sucrose solution would be the withdrawal of 
water from the tissue, and this makes comprehensible the effect of 
reduced atmospheric humidity on the opening of the flower. 

Sections through tulip flowers were placed in petri dishes and 
covered with distilled water or with various sucrose solutions, and the 
angles of the perianth tips were measured by means of a protractor 
after two hours at 20° when all movement had ceased. These equilib- 
rium positions were : distilled water, -180°; sucrose solutions .iM 
40°; .2m, 75°; .5m, 130°; 1m, 165°. If the curve of these values 
is plotted against the molarity and extended it will be seen to ap- 
proach the 180° angle of opening, which in the variety here used 
(Darwin) is full expansion, asymptotically (Fig. 6). The osmotic 
pressure of the sucrose solution indicated as necessary for com- 
pletely opening the perianth is thus something over 30 atmospheres. 

Plasmolytic determinations at 20° were made on the tissue at the 
base of the perianth by means of freshly prepared c.p. sucrose solu- 
tions. A solution of .7 molar concentration was hypertonic to the 
parenchymatous cells, but no gradient could be observed between the 
outer and inner sides of the sections made across the perianth parts 
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while these were opening or closing. This was perhaps due. ai least 
partly, to the fact that the cells at the surface of the sectitiu. uliit']- 
had been necessarily injured in the process of seetiotiing, prevenU’d 
a clear view of the deeper and more normal layers. There was great 
variation between the concentration of adjacent cells, thost' lying near 
the bundles being plasmolyzed by weaker solutions than were ciTec- 
tive on the more distant portions of the tissue. 



Fia, 6. — ^The relation, in section.^ of flowers of Tvlipa gesneriana, between the posi- 

tion of the perianth and the concentratioBS of siierose soliitioiis with which 
they are in equilibrium at 20® 0* 


Since the epidermal layers can be quickly removed intact, and 
are in contact with the tissues on the opposite sides of the perianth, 
they offer a means for the comparative study of changes in osmotic 
concentration taking place during flower movement. A large number 
of plasmolysis determinations were made under the conditions given 
above, on the epidermal cells taken from opposite sides of the basal 
portion of the perianth. Solutions which just produced incipient 
plasmolysis in most cells after 5 minutes were: closed flower, outer 
.9 M, inner .8 m at 7 to 7:30 a.m; .75 m in both inner and outer 
epidermis when the flowers were opening at 8:30 to 9 a.m.; and 
.65 M and .75 M for these layers when the open flower was taken 
from the field at 10:30 a.m. Wlien kept in the closed condition at 
15° for 6 hours, the outer epidermis required .7 m solution for plas- 
tnolysis, and the inner .8 m at 3 p.m. After remaining open at 
30°, 40 foot-candles, and 65 per cent humidity for 6 hours, the 
relations at 10 a.m. were: outer .7 m, inner .5 m. 

The osmotic concentration of the epidermis on opposite surfaces 






C. After 20 minutes in water 

Longitudinal sections of the flower of TuUpa gesneriana 
after treatment with sucrose solution of various osmotic 
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of the perianth base of tulip flowers does not bear a constant relation 
to the position of the floral parts, but does indicate that variations 
in concentration of cell solutions precede and accompany flower move- 
ment. The concentration difference between the outer and inner 
epidermis does not exceed .2 m sucrose or 4.4 atmospheres pressure, 
and this is strikingly below the concentration required to force sec- 
tions of the flower into the open position. Concentration changes 
accompanying flower movement are doubtless of greater magnitude 
in the deeper tissues of the perianth which are more actively con- 
cerned in movement than the epidermis. 

It may be assumed from this result that changes in hydrostatic 
pressure in the cells of perianth parts do not occur as rapidly as do 
the changes in osmotic pressure of the cell sap. This may be attribut- 
able to the rate at which underlying tissues supply water to the 
parts studied. An explanation also may be sought in the changes 
known to occur in the colloidal materials of the cells which are known 
to influence water retention and the rate of water movement between 
the cells of a tissue or adjacent tissues. This assumption is not 
unwarrantable, from results obtained with other flowers. 

SUMMARY 

Tulip flowers open in the morning and close in the late or early 
afternoon, depending upon the intensity of the factors which favor 
evaporation. While air temperature and light intensity are rising 
at the time of opening, and falling during the closing period, and 
atmospheric humidity is varying inversely, no close correlation could 
be found between the time or rate of movement and the intensity of 
these factors in the field. No relation between floral transpiration 
and the stage of opening was found. The water content of the 
basal portion of the perianth parts is high before the opening of the 
flower, and decreases as the closing time is approached. Field experi- 
ments showed the reaction of flowers to temperature changes, but did 
not disclose a response to light or to atmospheric humidity. 

Laboratory studies carried out under constant conditions re- 
vealed a slight periodic opening during the morning and closing in 
the afternoon at temperatures of 20°, 25°, and 30°, but this be- 
havior largely disappeared after one day of these unvarying con- 
ditions. The periodicity rhythm is predetermined by the variations in 
light and temperature of the preceding day, and is largely suppressed 
at a temperature of 15°. When changes between 15° and 30° are used 
as stimuli, periodicity is shown by the reactions which attain maxi- 
mum rate and extent only when corresponding in direction with 
it. Tulip flowers open in response to a rise in temperature, and close 
with a fall between 15° and 30°. If periodic conditions are similar. 
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the degree of expansion of flowers varies with the temperature. 
Opening reactions follow changes from darkness to light of 40 foot- 
candles intensity, but such a stimulus is not effective when opposed 
to periodic tendencies. Laboratory experiments clearly indicate that 
the response to stimuli, as measured by the rate of reaction, is pre- 
determined. This predetermination is largely a result of light varia- 
tions as they occur in the field. Exposure of the flowers to abnormal 
light intervals disturbs the normal rhythm. When opening occurs at 
atmospheric humidities of 65 to 100 per cent, the degree of expan- 
sion to which it attains varies inversely %vith the humidity values. 
The perianth parts in longitudinal sections of the flower placed in 
sucrose solution assume an angle which is directly proportional to 
the sugar concentration. Plasmolytic determinations show' that varia- 
tions in osmotic concentration occur in the tissues concerned in 
movement during the daily behavior cycle of the flow'er. Osmotic 
concentrations in the tulip flow’er, as determined by plasmolysis, are 
not very different from those obtained by Guttenberg in Diomm 
musdpula (1925). 
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TARAXACUM OFFICINALE 

FIELD BEHAVIOE 

The heads of Taraxacum officinale &re protected by a double 
layer of involucral bracts until they emerge above the surface of the 
ground, but very soon after the appearance of the elliptical green 
bud, this calyculus is reflexed and never again shows movement dur- 
ing the period of development of the flower and fruit. Since the rate 
of bud development depends upon environmental conditions, records 
were kept both in Colorado Springs, Colorado, and Tucson, Arizona, 
of the development of over a hundred flowers in typical habitats 
among herbaceous vegetation and during different portions of the 
flowering season. 

The following are averages for ten heads on successive days, 
from April 26 to May 23, of the length (in millimeters) of the 
peduncle from the time of the emergence of the bud above the rosette 
to the collapse of the peduncle after seed dispersal. The letters fol- 
lowing the measurements indicate the following: o, first opening of 
the flower; s, peduncle straightening after the flowering period; x, 
peduncles straight, bracts reflexed, and parachutes expanded. These 
averages are: 7.1, 15.1, 25.2, 30.7, 50.6, 61.5, 100.2o, 111.8, 115.8, 
117.5, 118.8, 122, 125.2, 129.2, 131.1, 133.1, 135, 137.1, 144.1, 
151.1, 155.1, 177, 260s, 326a;, 374, 392.5, 395.6, 401.7. 

At this season the plants required nearly thirty days for the floral 
life history, but this time was reduced to twelve days during hot dry 
periods. When growing in open soil fully exposed to the sun the 
peduncles often remain as short as two centimeters, but in dense 
shade final lengths as great as 90 centimeters have been observed. 
The growth curves vary in degree rather than in form, and show two 
grand periods of elongation; one immediately preceding the opening 
of the flower, and the second of greater rate and extent just prior 
to the release of the achenes. The two regions of greatest elongation 
he Just below the bracts and near the base of the peduncle. 

When the buds first emerge above the rosette of leaves they 
are tomentose and frequently the peduncles are flattened, but later 
the hairy covering is lost and the form of the peduncle approaches 
the cylindrical. At the close of the flowering period the peduncle 
bends downward in a sigmoid curve, lowering the head but maintain- 
ing it in a vertical position. Later during the second grand period 
of elongation the peduncle again straightens. Shortly after this the 
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involucral bracts are rcflcxed preparatory to seed disj^ersal. and 24 
to 48 hours later the peduncle bends over and collapses. Premature 
removal of the fruit does not alter this behavior. 

Following the pre-floral period of pedunclar growtii, the bracts 
of the involucre are refiexed by a curvature in the basal region, and 
the outer flowers of the head open, the ligules betiding outward and 
unrolling. During the cooler portions of the flowering season the 
heads commonly remain open throughout the dayliglit period of 
three to five successive days, showing a decreasing cluster of unopened 
flowers closely packed in the center of the disk. With the advance 
of the season this process occurs more rapidly, so that in late July at 
Colorado Springs the heads are seldom open for more than two suc- 
cessive days. During the warm dry season the heads open by 6 a.m. 
and close by 9 a.m., but this behavior may be modified if the flow’ers 
grow in a shady moist habitat, or if the plants have been delayed in 
blooming by mowing on a well watered lawn, when the closing is 
retarded. During rainy, cloudy, or foggy weather, heads may con- 
tinue open until late afternoon, and flowers growing in cool shaded 
locations may remain entirely closed. 

Frequently heads open asymmetrically, due to injuries caused 
by attacks of insects or of fungi, or to unequal exposure of the differ- 
ent portions of the head to radiant energy and the consequent 
thermal effects. In the former case, portions of the heads are per- 
manently prevented from opening, but in the latter merely delayed. 
When once the opening or closing reaction is under way, observa- 
tion and timing disclosed no difference in rate which could be corre- 
lated with the conditions of the habitat. Since the experimental 
data which follow apply with much greater accuracy to this point 
than the field observations, the latter are omitted here. Plate 3 
shows stages in the floral life history. 

EFFECTS OF AGE 

The angle between the involucral bracts at full opening increased 
with the age of the heads of Taraxacum officinale but the movement 
was accompanied by the opening of the mature flowers and was a con- 
venient measure of the opening process. The angles of the involucre, 
measured daily at Colorado Springs, June 14-21, showed as an aver- 
age of teir heads, the following maxima: -60“ (closed buds), 41“ 
(buds slightly open), 120° (outer three rows of flowers open), 155° 
(flowers opening toward center of head and aging at outside), 163° 
(20 per cent of the flowers still unexpanded), 202° (flowers open to 
center, flower of outer half of head old), 281° (flowers old except at 
center), —26° (heads old and closed). 

The comparative age of heads may be estimated accurately by 
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the aiisular opeiiinp: of the involucre, and also by the number of buds 
at the center. Old heads which have nearly all the flowers inactive 
do not open as early in the day as do the younger, and commonly 
dose after the latter. Frequently old heads do not open fully on 
the last day of their activity, but closure is complete. The involucral 
brads sometimes open one or two days after the permanent closing 
of all tlie flowers. 

MEASUREMENT OF FACTORS IN THE FIELD 

Conclusions as to the causative factors either of opening or 
closing of the heads of Taraxacum officinale cannot be drawn safely 
from field observations alone. The absolute effect of such factors 
at the time of or immediately before the reaction of the flower varies 
with the preceding conditions of the habitat in which the plant has 
been growing, with the age and physiological condition of the indi- 
vidual, and with other variables. Factors are in a state of constant 
flux, and it is difficult to ascertain from field measurements even the 
physical effects of a factor on a flower, such, for instance, as the 
absorption of radiant energy by flowers of different colors, textures, 
and angles of exposure. Only the most general conclusions can be 
drawn from field observations, and these to the best advantage when 
single inflorescences are observed. 

Table 4 gives a few typical results obtained by factor readings 
made in as close proximity as possible to the inflorescence under 
observation, at the time of the first observable opening and the first 
closing movement. Although there is great variability in the factor 
readings at the time of movement, it will be seen that during the 
early season at Colorado Springs the flowers open in the morning 
when the temperature is rising, and close in the afternoon when it 
is falling. But later in the flowering period both in Colorado and 
in Arizona, closing occurs earlier in the day, and under higher tem- 
perature and lower humidity than that which obtained at the time 
of opening. Thus, early in the flowering season at Colorado Springs, 
heads remain open throughout the day and close at sundown, but 
later in the year they close during the midforenoon. Observations 
at Tucson late in March show that heads open and close at that 
season in Arizona in much the way here described as typical for 
Colorado in July. In June, at the Alpine Laboratory (8300 feet), 
Taraxacum heads which do not receive direct sunlight are delayed 
in opening, and remain closed during the entire day if low tempera- 
ture conditions obtain. Thus on June 24, 1924, heads exposed to 
direct sunlight near the Alpine Laboratory opened fully by 6 a.m., 
while those shaded by vegetation remained closed. The appearance 
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TABLE 4 

Tamxaci’m OrriciNAi^ 

liclfl conditions at the time of opening and clo.oing of f!ow(*r«, 
Colorado Springs, April. 



Fhmm Opening 

ij ClfiMiig 

Time 

IVinp 

I0|"i 

J'O 

Liglit ■ 
Condi tioiis 

Time? 

Temp. 

% 

’1 _ Light 
L’ondiiions 

A.M. 
6:20 
7:25 
7:30 
7:40 
. 8 
8:20 

■ 8:30 

■ ■■ 8:35 

8:40 

8:40 

14.3 

13.5 
14 

12.9 

13.4 

13.6 
14.2 
13.6 

14 

12.5 

m 

m 

54 

65 

50 

66 

68 

65 

57 

70 

Syn 

ii 

tiS 

if 

II 

II 

a 

ii 

if 

P.M, 

5 

5:15 

5:45 

5:50 

6:10 

1 6:20 
6:20 
6:30 
6:30 
6:50 

IT... 4 

12.4 
11,7 
12.6 
I2..3 
i;i7 
13 

13,3 

1.2.4 
13.1 

m 

55 

70 

62 

62 

fd) 

43 

m 

74 

55 

Siiacie 

If 

II 

II 

a 

if 

!! 

a 

_^e, 7:58 

13.6 

61. 3 

6:03 

12,59 

59. 1 

A.M. 

4:20 

4;a) 

4:46 

4:46 

4:a) 

4:66 

5 

5:05 

5:10 

5:20 

16 ^ 

14 

18 

16 

19 

20.1 

20.2 

22 

19.5 

16 

63 

60 

63 

54 

49 

28 

45 

2.8. 

44 

65 

Sun 

I*artial Stin 
Sun 

It 

« 

Partis! Sun 

it . it 

Sun 

K 

*1 

A.M. 

10:10 

10:20 

10:30 

10:30 

10:35 

!():35 

10:40 

10:40 

10:50 

10:50 

26 

18.6 

2! 

28 

18.5 

23 

25 

26 

28 

27.5 

24 

411 

27 

19 

44 

34 

14 

25 

21 

15 

Sim 

it 

ii 

U 

ti 

Shadf‘ 

Sun 

i« 

If 

tt 

J:Ve. 4:53 

17.98 

50.9 

10:34 

24.16 

27.2 

A.M. 

5 

5:20 

5:20 

5:50 

5:50 

6 

6:20 

6:30 

6:40 

6:40 

10.4 

7,3 

9.5 

8.2 

■9.8 

8.5 
.10.5 
■10.2 ^ 
11 

10,7 ' 

■60 

50 

46 

■58 

60 

65 

48 

32 
' 45 

45, 

Sun 

a 

II 

II 

II 

II 

it 

it 

II 

■a 

A.M. 

9:10 

9:20 

9:25 

9:30 

9:35 

9:40 

9:40 

9:40 

9:50 

10:10 

19.5 
19.8 
1.9,4 
20.2 

20 

20.5 
20.5 

21 

19 

21.3 

32 

30 

35 

35 

38 

28 

28 

30 

36 

25 

Sun- 

il 

i.f . . 

II 

ti 

if 

II ■ 

II 

.11' 

ti 

Ave. 5:57 

9.66 

,52.9 


9:36 

20.12 

31.7 1 
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Hygrothermograph records made in the field adjacent to the 
Taraxacum heads under observation have the same limitations as 
those discussed in connection with the intermittent observations of 
tulips, given in Table 4. The records merely serve to show that 
during the early part of the summer Taraxacum heads commonly 
open during a period of rapidly rising temperature, increasing light 
intensity, and falling humidity in the morning, and close in a period 
of falling temperature and light intensity, and rising humidity in 
the afternoon. Later in the summer they close with rising tempera- 
ture and light intensity, and falling humidity, in the morning. 

Heads exposed to conditions promoting evaporation, wind, etc., 
commonly close in summer before those not so exposed. This effect 
is not noticeable during the early flowering season. Transpiration 
studies were made by cutting heads of similar age and peduncle length 
under water and placing them in vials of water sealed with plasticine. 
Ten of these potometers comprising a battery were weighed singly 
on a quantitative balance, the bottles fixed in a vertical position, and 
exposed in sunny habitats where the behavior of the undisturbed 
heads furnished a criterion of normal action with which to compare 
the experimental material. Evaporation from free water surface of 
approximately 30 sq. cm. was determined by exposing water in a 
blackened metal pan 10 cm. in diameter and 8 mm. deep, to the con- 
ditions in the immediate vicinity of each battery. Readings were 
made every two hours. During the time required for weighing, the 
entire battery and evaporation pan were kept in the laboratory. 

The results show great variability. The averages during June 
show an increasing rate of transpiration from 6 a.m. to ’4 p.m. Dur- 
ing this period the heads opened and closed. Heads exposed to full 
sun showed about double the transpiration rate of those in shaded 
habitats. No change due to the degree of closure of the heads is 
evident in the transpiration rate. On June 14, experiments at 
Colorado Springs gave an average hourly transpiration rate of .03 
and .02 grams in sun and shade respectively between 6 and 8 a.m., 
and .12 and .06 grams between 12 and 3 p.m. The results when 
compared with the evaporation from a free water surface showed 
no close correlation with flower movement. This may be due to the 
difficulty of obtaining a standard exposure when battery and pan 
were both placed among vegetation which even when not casting 
shade upon the experimental material causes unknown and variable 
thermal and wind effects. Any reduction in transpiration caused by 
closure of the heads is obscured by the variability of results and by 
increased intensity of conditions which promote rapid desiccation. 
Any transpirational effects due to flower position are too small to be 
ascertained by the methods used. 
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A study was made of the water content of the heads and of vari- 
ous parts apparently concerned in opening and closing. Buds were 
labeled before the first opening and observed daily. On May 5, 
heads which had been open one daily period May 4 were selected, 
the desired parts removed and placed immediately in a weighed vial 
with a rubber stopper. After weighing, ail were dried to a constant 
weight at 100°, cooled over calcium chloride, and reweighed. The 
results are given in Table 5. The material was collected when the 
first sign of the opening or closing movement, as given in the fifth 
column, was observed. The percentage water content is the loss at 
100° based on the original weight. 

TABLE 5 
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Water content (percentage loss in original weight at lOO"^) of heads at opening 
and closing period (the beginning of these processes). 


Date 

Time 

Part Used 

Number 

Averaged 

Condition 

Water 

Content^;e 

Locality 

May 

5 

8 a.m. 

Head 

10 

Opening 

85.1 

Colo. Springs, Coh 


5 

2:30 p.in. 

Head 

10 

Closing 

81.4 

it 

i( a. 


5 

S a.m.' 

Flowers 

60 

Opening 

84.2 

a 

ti it 


5 

2:30 p.m. 

Flowers 

50 

( losing 

82.0 

it 

a tt 


5 

8 . a.m. 

involucre 

25 

Opening 

83.0 

a 

« •' it 


5 

2:30 p.m. 

Involucre 

25 

Closing 

83.3 

ti 

a It 


6 

8 a.m. 

Base of flowers 

50 

Opening 

86 

ti 

tt it 


6 

2:20 p.m. 

Base of flowers 

50 

Closing 

80 

ti 

a a 


6 

8 a.m. 

Base of involucre 

30 

Opening 

84.3 

a 

tt tt 


6 

2:20 p.m. 

Base of involucre 

35 

Closing 

83.4 

tt 

a tt 

Juae 

10 

6 a.m. 

Head 

20 

Opening 

83.8 

a 

it tt 


10 

9:45 a.m. 

Head 

20 

Closing 

80.7' 

it 

tt tt 

March 12 

7 a.m. 

Involucre 

25 

Opening 1 

S5.8 

Tucson, 

Arizona. 


12 

8:45 a.m. 

Involucre 

25 

Closing 

82.4 

a 

ti 


12 

3:30 p.m. 

Involucre 

26 

Closed ■ 

81.3 

it 

it 


14 

3 p.m. 

Involucre 

25 

Closed 

80.5 

ti 

it 


14 

10:15 a.m. 

Involucre 

25 

Full open | 

83.9 

tt 

it 


15 

7 a.m. 

Involucre 

20 

Opening 

84.4 

a 

a 


15 

7 a.m. 

Flowers 

50 

Opening 

83 

ss 

it 


15 

7 ' a.m. 

Flowers 

m 

Opening 

87.4 

a 

it 


16 

7:30 a.m. 

Flowers' 

50 

Opening ^ 

86,5 , 

a 

it 


16 

3 p.m. 

Flowers' 

50 

L. ^ 

. Closed 

83.7 

a 

it 


It will be seen that, although the water content was variable, it 
was lower at the time of closing than at that of opening, in the entire 
heads as well as in the parts more actively concerned. Thus, the 
average difference in percent^e water content between the opening 
and closing conditions of comparable flowers was 3.4 for entire heads, 
1.6 for entire flowers, 2 for the entire involucre, and 5 and .9 re- 
spectively for the basal portion of the flower and involucre. Sec- 
tions of bracts of Taraxacum exhibited movements comparable to the 
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opening of the head if placed in distilled wafer for an hour at 20°, 
and were closed partly by .5M sucrose solution in 2 hours. Flowers 
were more easily affected, ,1M sucrose producing the rolling up of the 
ligule in 15 minutes at 20°. The flowers were not curved in, even by 
treatment with saturated sucrose solution at 20°. The flower move- 
ments of Taraxacum, as well as those of Tulipa, are intimately con- 
nected with the water relations of the tissues. The fact that the sec- 
tions of Tulipa close in water, and those of Taraxacum open, indicates 
a difference in permeability rather than in the water relations of the 
flower. Flower movement has slight effect, if any, on the transpira- 
tion rate, the water content following the daily cycle of evaporation. 

FIELD EXPERIMENTS 

Adjacent plants of Taraxacum officinale were covered with bell 
jars provided with thermometers and dew-point tubes, and with 
heated or cooled air forced in as described in Chapter 11. Although 
constant temperatures could not be maintained, a considerable tem- 
perature difference was produced, and after an initial period of stabi- 
lization these temperatures followed the same general course of varia- 
tion. Table 6 gives a set of typical results from this work, from 
which it will be seen that heads in the heated jar opened nearly 30 
minutes before those in the cooled chamber. It was found gener- 
ally possible to open the heads in this way if the experiments were 
carried out before the flowers had passed through their normal daily 
opening. When open flowers were subjected to similar conditions, the 
heads in the heated atmosphere closed before those in the cooled. Ex- 
periments of the same nature begun in the afternoon after the heads 
had closed for the day were unsuccessful in producing another opening. 

Shade tents of approximately 50 and 100 per cent efficiency pro- 
duced no change in the time of opening other than that which could 

TABLE 6 

Taraxacum Officinale 
Experiraentai field behavior. 


BeH Jar No. 1 

Bell Jar No. 2 

Time' 

Temp.^C. 

Humidity % 

Response 

Tenip.°C. 

Humidity % 

Response 

A.M. 







9:15 

14.5 

42 

Closed 

14.2 

44 

Closed 

9:23 

15.5 

60 

Closed 

12 

58 

Closed 

9:27 

17 

66 

Closed 

12.4 

65 

Closed 

9:30 

18.5 

68 

Closed 

12.5 

66 

Closed 

9:35 

20 

68 

Closed 

12.2 

68 

Closed 

9:38 
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be attributed to the thermal effects. Thus, if plants were enclosed, 
before the normal opening cycle, in tents made of black rubber 
cloth, the temperature was increased considerably and the flowers 
responded by opening. Lighter shade produced by a ventilated cloth 
tent delayed opening and closing slightly, and also maintained a 
lower temperature than that normally present in the adjacent field. 

Taraxacum heads are normally directed upw'ard, or toward the 
source of maximum illumination. Hence experiments were under- 
taken to determine any change in behavior which might result from 
unequal illumination. Heads were clamped to a small wooden sup- 
port and placed so that the sunlight was received either directly on 
the involucre, or at right angles to the longitudinal axis of the head. 
Heads placed in both of these positions before the daily expansion 
period were slightly delayed in the time of opening, but showed no 
effect in closing time. When buds which had not previously been 
open were exposed laterally, the bracts and flowers on the more 
strongly illuminated side opened before the rest. Inverted heads 
were not delayed in opening, and expanded symmetrically. If closed 
heads were exposed shortly before the normal opening time to a cur- 
rent of air heated to 50° by passage through a metal tube suspended 
over a flame, they opened asymmetrically, the side receiving the 
warm air expanding first. 

Shortly before the time of the normal daily expansion, closed 
flowers of Taraxacum may be stimulated to open by exposure to sun- 
light or to a current of warm air, and in this response react inde- 
pendently of the other flowers or bracts of the head which are not 
stimulated. 

To check any alterations in flower behavior due to changed 
water relations of the plant, several field experiments were made. 
A group of plants growing with many others in a moderately dry 
meadow at Colorado Springs were irrigated daily sufficiently to coyer 
the surface to a depth of one inch, the amount being applied slowly 
and in the evening in order to reduce run-off and evaporation. Daily 
watering was continued from June 5 to 19, but no difference could be 
seen in the opening or closing time of the flowers in the irrigated 
and unirrigated groups. Disturbing the water relations of the plants 
by oiling the surface of the leaves did not change the flower behavior, 
nor were alterations of movement produced by injection of water 
into the peduncle or receptacle, or by supplying the cut peduncle 
with .2m sucrose solution. 

The water relations which may be responsible for the opening 
and closing of Taraxacum heads are independent within wide limits of 
those of the rest of the plant. 
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Cutting produced no immediate effect in the reaction of the 
flower; heads Cut in any manner and with varying lengths of peduncle 
responded like uncut heads if exposed in the habitat. Even when 
the heads were severed close below the involucre and were exposed in 
the field, the flowers opened at the normal time, often incompletely, 
but closed prematurely in a partly withered condition. The reactions 
of cut heads which had been supplied with water often became erratic 
after 60 hours, especially if kept at a temperature of 26° or higher. 
The removal of the flowers from the head caused an immediate par- 
tial closure of the involucre due to the flattening of the receptacle, but 
the bracts carried out their normal movement cycle on the following 
day, and then remained closed. The removal of the involucre, even 
before the first opening of the bud, produced no marked change m 
the behavior of the flowers except that the closure of the head was 
incomplete, showing that the bracts were without significant effect 
on the behavior of the flower other than as a mechanical aid to com- 
plete closing. Separate flowers removed from the head may be acti- 
vated to movements corresponding to opening and closing, by sub- 
mergence in water or sucrose solution. Figure 7 shows a flower in 
the positions assumed, 1 as removed from the closed head, 2 after 



Fig. 7. — Positions assumed by the corolla of Taraxacum officinale in water and in 

sucrose solution. 

twenty minutes immersion in distilled water at 20°, and 3 after a 
further immersion of one hour in 4m sucrose solution at 20°. It is 
evident that changes in the water relations of the tissues of the 
flower may produce movements similar to those of opening and closing. 

Field studies show that during the early part of the flowering 
season, the heads of Taraxacum open in the morning shortly after 
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sunrise and remain thus throughout the day, but that later in the 
season they open at or before sunrise and close during the forenoon. 
Opening occurs under rising temperature and light intensity and 
falling humidity, but is not correlated with any one of these factors; 
closing may occur under either rising or falling temperature and 
light. On cool days with overcast skies the flowers may remain 
closed. Individual flowers or bracts in a head will open in response 
to sunlight or heated air, independently of the response of adjacent 
organs. Although the water content of the head and of the motile 
structures is lower at the time of closing than when the opening 
movement is taking place, there is no apparent correlation between 
this difference and the activity of the flower part, and no apparent 
connection between the flower movement and the water relations of 
the plant. Taraxamm flowers respond to temperature changes, and 
possibly also to those of light, but only when the periodic and stimu- 
lated responses agree in direction. The involucral bracts carry out 
normal movements on the day following the removal of the flowers, 
and the removal of the involucre does not materially change flower 
movement. Separate flowers may be stimulated to movements cor- 
responding to those of opening and closing, by placing them in T,vater 
or in strong solutions of sucrose. 

LABOR.A.TORY EXPERIMENTS 

Ecostat experiments were carried out in accordance with the 
methods described in Chapter II. The heads of Taraxacum officinale 
used for experiment were selected carefully for comparable age and 
habitat. Some of the work was done at the Alpine Laboratory, 8300 
feet, which is near the upper limit of the range of Taraxacum, and 
some at Colorado Springs, 2000 feet below, where the plants grow in 
abundance. It was frequently possible to make simultaneous observa- 
tions on heads collected from both habitats, and thus to compare 
behavior differences. 

PERIODICITY 

Table 7 gives the results obtained under constant conditions of 
temperature, light, and humidity, with different treatments preceding 
the experiment, and at different temperature levels. These values 
are the average percentage opening of five to ten heads of Taraxacum 
officinale, and have been confirmed by other experiments the results 
of which are not given. Flowers of comparable age were selected 
during the open period on the day preceding the experiment. Con- 
stant conditions of darkness and 50 per cent humidity were main- 
tained. The results given in columns a were obtained from plants 
growing at Colorado Springs at an altitude of 6000 feet; those in 
columns 6 from heads flowering at the Alpine Laboratory at an 
altitude of 8300 feet. 
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TABLE 7 

Taraxacum Officinal 

Behavior (average percentage opening) of flowers (5 to 10) from different habitats when 
subjected to constant conditions of 15® to 35® C., darkness, and 50% humidity, 
a. Colorado Springs, Colorado, 6000 feet. 

5. Alpine Laboratory, Colorado, 8300 feet. 
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Some of the typical curves are shown in Figure 8. The results 
show that periodicity is conspicuous in the opening of the heads in 
every case except at temperatures of 10° to 35°, the heads opening 
in the morning and closing from mid-forenoon to 0 p.m. At the 
different temperature levels the extent of opening varied, but there 
is no apparent relation between these temperatures and the time of 
movement. Similarly, the time at ivhich the heads were placed in 
the experimental chambers — that is, the time of exposure to field 
conditions — produced a marked effect on the extent of the reaction, 
but little on the time at which it occurred. Thus at 15°, 20°, 25°, 
and 30°, the opening movement usually began between 2 and 3 a.m. 
in any set of heads in the ecostat chambers at this time. A tempera- 
ture of 10° entirely prevented a reaction, hence the results show no 
periodic influences. At 35° a slight opening reaction followed im- 
mediately after the stimulus resulting from placing the flowers in the 
chamber, and this was at once succeeded by complete and permanent 
closing. 



TIME 

Flo. 8.— Eelation of Sowers of Tamxactm officinale to constant temperatures. 

The effect of periodicity on movement is also shown by comput- 
ing the hourly rate of movement after the flowers were placed in 
the constant temperature chambers. It is realized that the time- 
tenaperature relation would alter the results, but one hour after the 
beginning of treatment is considered significant. The results of this 
computation are given in Table 9. They show that the rate of move- 
ment depends on the time in the daily periodic cycle when the stimu- 
lation is applied, but that this is greatly altered by temperature. 




TAEAXACUM OFFICINALE 


61 


Thus, at 15°, 20°, and 25° the rate of opening reached its maximuin 
at 6 A.M., while at 30° and 35° it was attained at 3 a.m;. Irrespec- 
tive of the time of occurrence, the maximum hourly rate of opening 
as affected by temperature shows a characteristic “grand period” 
curve, the rate values being 0, 10.7, 22.2, 24.3, 18, and 5.5, for 10°, 
15°, 20°, 25°, 30°, and 35° respectively. The time the flowers began 
to respond by closing was in inverse relation to temperature, occur- 
ring at 6 A.M. at 35°, 9 a.m. at 30° and 25°, and 12 m. at 20° and 
15°. The effect of temperature on the maximum hourly rate of 
closing allows no generalization such as that given for the opening 
response. 

TABLE 8 

Taraxacum Officinale 

Behavior (percentage open) of flowers subjected to changes be- 
tween 15® and 30® C., after diflerent storage conditions. 

c. heads stored 3 hours in Dewar flask, at 4®, darkness and 100% 
humidity before experiment. 

d. heads cut, supplied with water, and left 3 hours in habitat 
before experiment. 

•X. changed from 15® to 30®. 

y. changed from 30® to 15®. 
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The results given in column 2, Table 8, were obtained from heads 
comparable in every way with those used for the results given in 
Table 7, except that they were cut at 9 p.m. and placed witli the 
cut end in water in a Dewar flask kept at 4° and 100 per cent humid- 
ity. The heads used for the averages given in column d were similar, 
but after cutting they w^ere stored in the field near the undisturbed 
heads used for the 25° 3 a.m. series of Table 7. The results show 
that the amplitude rather than the periodicity of the movement was 
affected. Although cut flowers exposed in the field showed a normal 
response for 72 hours, Table 7 and Figure 8 indicate that this periodic 
action is markedly affected at different temperature levels. Under 
constant conditions of darkness and 50 per cent humidity the periodic 
movements occurred on the second day at 15° with normal ampli- 
tude and at normal time; at 20° the movements of the second day 
were displaced in time and greatly reduced in amplitude; and at 25° 
and 30° the periodic movements of the second day were entirely sup- 
pressed. The periodicity of the flowers of Taraxacum depends on the 
daily periodic cycle of the habitat factors, as Stoppel has shown for 
the leaves of Phaseolus, but this effect may persist at least to the 
second day under conditions of 15°, be weakened at 20°, or entirely 
destroyed at 25° and 30°. Since a similar relation to the preceding 
day factor-cycle is shown by the leaves of Phaseolus, and since con- 
nection with the plant shows little effect upon the periodicity of 
Taraxacum heads, this behavior probably is due to the accumulation 
of photosynthetic products which are not translocated but gradually 
destroyed by oxidation in the active organs. 



Fig. 9. — ^Relation of flowers of Taraxacum ofidnale to change in temperature. 
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Table 8 gives the floral reactions of selected heads. Under c 
are recorded the averages obtained from heads growing at Colorado 
Springs, which before the beginning of the experiment received three 
hours storage in a Dewar flask at 4°, darkness, and 100 per cent 
humidity. Under d are recorded the averages obtained from heads 
cut and left for three hours in the habitat, the cut peduncles being 
supplied with water. Temperature changes were made at the times 
indicated, by interchanging the heads between the 15° and 30° cham- 
bers. A change from 15° to 30° is indicated by x, the reverse direc- 
tion by y. 

The periodicity of the heads of Taraxacum is also shown by the 
movements resulting from a temperature stimulation. The results 
of a sudden temperature change between 15° and 30° are given in 
Table 8, and indicate that such a temperature change initiates or 
accelerates a movement only when acting in the direction of the peri- 
odic tendency of the time. Thus a change from 15° to 30° resulted 
in rapid opening when made at 3 or 6 a.m., slow expansion when 
made at 12 midnight, and only slight and temporary reduction in the 
rate of closing when made at 3 p.m. The closing reaction following 
a change from 30° to 15° did not occur when the change was made 
at 3 or 6 a.m., but resulted when the shift was made at noon. Typi- 
cal results are graphed in Figure 9. Similar relations varying only 
in degree followed when the changes were between 15° and 25°, 15° 
and 20°, and 10° and these upper levels. 

If the rate of flower movement for the hour following the tem- 
perature change is taken as a measure of the stimulated reaction, we 
have the values given in Table 9, in which the positive numbers indi- 
cate an opening movement and the negative a closing one. This 
table gives the rate of movement at various temperature stimula- 
tions and at various times during a daily movement cycle. 

TABLE 9 

Taraxacum Officinale 

Behavior (hourly rate of opening and closing) of flowers following change 
to temperatures indicated, under constant conditions of darkness and 50% 
humidity. 

Positive numbers: opening movement. 

Negative numbers: closing movement. 
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The rates at the same periods but at constant temperature levels 
are graphed in Figure 10, and the difference between these values is 
shown in Figure 11. The averages are computed partly from results 
given in Tables 7 and 8, and partly from other experimental data 
not given here in full. It will be seen that the maxima of reaction 
rates are proportional to the temperatures of the chambers to which 
the heads were transferred; thus in changes from 15® to 20°, 25°, and 
30°, these rates were 54, 70, and 80, respectively. 



Fig. 10.— Hourly rate of opening and closing of flowers of Taraxacum officinale 
under constant conditions of darkness and 50 per cent humidity. 

If the differences are computed between the rates of movement 
at constant temperatures similar to those to which the changes were 
made, and the rate following the stimulus, the values represent the 
reaction rates resulting from temperature change only. These values 
are graphed in Figure 11, and show the great periodic change in 
reaction rate during the day. The response to a change of 5°, 10°, 
or 15°, was of a similar low value at midnight, increased markedly 
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Fig. 11. — Stimulation rates of movement of flowers of Taraxacum officinale subjected 
to sudden changes of temperatures at different times of day. 


at 3 A.M., decreased at the two lower temperature changes at 6 a.m., 
but increased for the higher, and fell to a common low level at 3 p.m. 

Heads of Taraxacum show a daily cycle of periodic movement 
under constant conditions, opening in the morning and closing by 
evening. These movements did not appear at 10°, and were displaced 
and partly inhibited at 30° and 35°. At the higher temperatures, 
under conditions of darkness and 50 per cent humidity, periodic 
movements did not appear after 24 hours ; at 15° they continued on 
the second day with little modification. Cutting and storage at low 
temperatures produced little effect on the periodic behavior. The 
hourly reaction rates show that both opening and closing maxima 
varied with the temperature at the lower levels, and that the time 
at which the maximum opening rate was attained and the closing 
movement began varied inversely with temperature. The response 
to temperature changes of constant magnitude shows a periodic re- 
lation, resulting in movement only when the reaction agrees with 
the periodic tendency. When the effects of different temperature 
levels were removed, the reactions to stimuli of constant magnitude 
as measured by the rate of movement showed maxima proportional 
to the temperature change at 3 a.m. and 6 a.m., and minimal open- 
ing rates at midnight. The same temperature stimulus which re- 
sulted in an opening movement at midnight, 3 a.m., and 6 a.m., 
initiated a closing reaction at 3 p.m. 
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EFFECTS OP TEMPEEATURE 

Table 7 and Figure 8 show that the opening and closing move- 
ments of the flowers of Taraxacum are greatly modified by the 
temperatures to which they are exposed. At 10“ the heads remained 
closed; at 15° partial opening occurred in those which had developed 
in the comparatively warm conditions of Colorado Springs, 6,000 
feet; and nearly complete expansion in those grown in the cooler 
habitat of the Alpine Laboratory, 8,300 feet. 

In the heads from the low'er habitat the degree of opening in 
general varied with the constant temperature to w^hich the flowers 
were exposed, except that at 35° the curves dropped to lower levels. 
Thus, heads from Colorado Springs placed under experimental con- 
ditions near midnight, showed at 15°, 20°, 25°, and 35°, the average 
maximum expansions of 20, 56, 54, and 9, reached in the morning at 
10, 9, 8, and 1 (Table 7). Dividing the extent of opening by the 
time gives the time-maxima of 2, 6.2, 6.7, and 9, for the temperatures 
in the order above; thus showing that in heads from the lower habitat 
there is a time-temperature relation for reaching a maximum opening 
which is directly proportional to the temperature. 

Similar computations on heads from the Alpine Laboratory 
habitat give, for temperatures of 10°, 15°, 20°, 25°, and 30°, time- 
maxima of .5, 8.6, 8.1, 6.7 and 10. In this case the time- temperature 
relation is not direct, the maxima being at 15° and 30°. But it is 
evident that there is a diflerent time-temperature requirement for 
reaching maximum values in flowers growing in different ecological 
habitats. Thus at 15° the heads from Colorado Springs, at lower 
elevation, gave a time-maximum of 2, while those from the Alpine 
Laboratory habitat, at higher elevation, gave 8.6. 

Rates of opening at constant temperatures, given in Table 7, 
further compared by computing those obtained from series started 
later in the day, show at 20°, 25°, and 35°, 11.2, 16.2, and 23 for 
the 3 A.M. series, and 25, 36.5, and 100 for the 6 a.m. series. At 
15° the 6 A.M. series gives a value of 11.2, while the rate at 12 noon 
cannot be evaluated since the flowers were open when placed in the 
ecostat. The rate of opening is thus proportional to the tempera- 
ture. If we consider the above values from the point of view of 
the beginning of the series, we have for 12 midnight, 3 A.M., and 

6 A.M., 2, — , and 11.2 at 16°, 6.2, 11.2, and 25 at 20°, 6.8, 16.2, and 
36.6 at 25°, and 9, 23, and 100 at 35°. The rate of opening thus 
shows not only a time-temperature relation, but also a relation to 
the time of day at which the heads were placed under experimental 
conditions. 

If the closing rates are computed from the values given in Table 

7 by dividing the difference between maximum and minimum ex- 
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pansion by the time required for the change, the relations are not 
as consistent for the closing movement as for the opening one. Con- 
sidering only the flowers grown in Colorado Springs, we have for 
15°, 20°, 25°, and 35° the closing rates of 2.3, 6, 4.6, and 1.8 for 
the series begun at 12 midnight; — , 11.7, 5.2, and 1.8 for the 3 
A.M. series; and 5.4, 6.8, 7.1, and 7.2 for the 6 a.m. series. Although 
there was a general inverse ratio between the closing rates and the 
temperatures, there were frequent exceptions. Thus the closing 
rates at 15° were uniformly greater than those at 20° ; and while 
exposure to 35° reduced the rate of closing to 1.8 for flowers exposed 
from midnight or 3 a.m., the rates for flowers exposed from 6 a.m. 
are slightly greater at 35° than at 25°. For heads from the 8300-foot 
habitat, at 15°, 20°, and 25° the closing rates were 8.3, 9, and 4.3 
for the midnight series, thus showing values considerably above those 
for heads from the 6000-foot habitat at temperatures of 15° and 20°. 
The closing rates of Taraxacum heads are variable, but heads from 
the lower habitat subjected to temperatures between 20° and 35° 
beginning at midnight or 3 a.m. show an inverse relation to the 
temperature. 

Columns 2 and 3 in Table 8 give the readings for flowers which 
after cutting in the field were subjected to three hours storage in 
a Dewar flask at 4°, darkness, and 100 per cent humidity. These 
flowers were comparable with those used for results given in Table 7 
under the same temperature and times of starting. It will be seen 
that cutting and storage during the night period increased the ampli- 
tude of the response. If the rates of opening to maximum and clos- 
ing to minimum are computed and compared with those given above 
for heads brought directly from the field to the ecostat chamber, we 
have 16.2 and 20 opening and —5.2 and —8.9 closing, for the unstored 
heads and for those kept in the field, respectively. A similar com- 
parison of the opening and closing rates of flowers unstored and those 
stored for 3 hours in the Dewar flask gives 6.8 and 10.1 opening and 
—4.6 and —6.3 closing, respectively. This shows that the rate of move- 
ment in the flowers of Taraxacum is increased by cutting and storage 
at night; also that storage at the low and constant temperature of 
the Dewar flask produces a greater effect on the opening rate and a 
lesser one on the closing rate than storage for the same length of 
time under night habitat conditions. 

Table 8 and Figure 9 show that the flowers of Taraxacum reacted 
to changes of temperature by opening under an increase and closing 
in response to a fall, and that this reaction was evident only when the 
periodic tendencies of the time coincided with the stimulated response. 
Thus flowers expanded during the morning if subjected to increased 
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temperature, but did not do so in the afternoon. In the reverse 
movement a fall in temperature produced a closing reaction in the 
afternoon, but not in the morning. 

Figure 10 indicates that the rates of movement bear a complex 
relation to the temperature and that the reactions can only be inter- 
preted in the light of the periodic relations. Table 9 gives the rates 
of movement for the hour following the temperature change indicated 
at the head of the columns, and Figure 11 the increase in rate of 
movement in response to the temperature change. It will be seen 
that the movement following the rise in temperature may be either 
opening or closing, according to the periodic tendency of the time. 
Thus at 3 P.M., a rise in temperature from 15° to 20°, 15° to 25°, 
and 15° to 30°, resulted in the initiation or the increase of the clos- 
ing movements, while similar changes earlier in the day resulted in 
opening movements. 

Figure 11 shows that the increase in rate of movement for the 
hour following a temperature change of 15°, 10°, or 6°, does not 
bear a simple relation either to the magnitude of the stimulus, or to 
the temperature to which the flowers were transferred. Thus the 
greatest increase in opening rates was produced by a change from 
15° to 20° in the midnight series, from 15° to 25° in the 3 a.m. 
series, and from 15° to 30° in the 6 a.m. and 3 p.m. series. The 
magnitude of the movement response seems to depend on a complex 
relation between temperature and periodicity, for the analysis of 
which the data here given are insufficient. 

The flowers of Taraxacum respond to different temperature levels 
between 15° and 30° by an increased amplitude of expansion at the 
higher temperatures, but show lower degrees of expansion at 10° and 
36°, which are outside the optimum range for the flowers. Flowers 
from mountain habitats show greater expansion at the lower tempera- 
ture levels than those from the warm plains. The rate of opening to 
a maximum expansion varies with the temperature level between 
16° and 35°, but heads from the montane region behave eiratically 
at the higher temperature levels. The rate of opening to a maximum 
expansion not only varies directly with the temperature, but also 
inversely with the time of beginning the experiment after midnight. 
The rate of closing is variable, but exposure in the experimental 
chambers from midnight or 3 a.m. gives higher values for the montane 
heads than for those from the plains. After cutting, storage at night 
either in the habitat or at 4° constant in a Dewar flask increases the 
^plitude of expansion and the rate of opening and closing; storage 
in the Dewar flask increases the opening more and the closing less than 
storage in the field. Changes in temperature produce responses which 
result in the opening or closing of the heads according to the direction 
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of the periodic tendency at the time the stimulus is applied; that is, 
periodicity determines the direction of movement. The magnitude 
of the increase in rate of flower movement following a sudden change 
in temperature is variable; it does not show a constant relation 
either to the degree of change, or to the temperature level to which 
the change is made. 

EFFECTS OF LIGHT 

Table 10 gives the results for heads of Taraxacum officinale 
kept under constant conditions of 25°, 50 per cent humidity, and 40 
and .275 foot-candles light intensity, the light filtered through one 
centimeter of distilled water. The heads used were grown at Colorado 
Springs and were removed from the field directly to the ecostat 
chambers. The last six columns give the results for similar heads 
which had been stored 6 hours at 4°, darkness, and 100 per cent hu- 
midity before the beginning of the experiment, and were subjected 
to sudden changes in light intensity between 9 foot-candles (indi- 
cated by x) and darkness (indicated by y), or when in constant dark- 
ness or light of this intensity. 

TABLE 10 

Taraxacum Officinale 

Behavior (percentage open) of flowers under constant conditions of 25®, 50% 
humidity, and different light intensities. 
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6 

11 

6 

5 

10 

5 

20 

69 



9 

48 



10 

10 

13 

9 

8 

12 

6 

21 

77 

10 


19 

67 

9 


17 

19a; 

I7y 

20 

16 

21 

7 

22 

80 

90 


26 

68 

100 


30 

63 

28 

35 

24 

28 

8 

20 

77 

97 


28 

67 

76 


55 

74 

50 

57 

51 

56 

9 

20 

77 

100 

66 

20 

65 

70 

67 

80 

83 

69 

88 

60 

85 

10 

15 

38 ^ 

70 

36 

17 

34 

52 

60 

84 1 

82 

80 

86 

80 

87 

11 

8 

29 ' 

54 

12 

11 

24 

31 

37 1 

78 ’ 

80 

82 

85 

.84 

90 

12 m. 

3 

9 

48 

12 

8 

18 

21 

20 ! 

56 

71 

50 

60 

TOxi 

83.?/ 

1 p.m. 

3 

6 1 

31 

9 

5 

10 

12 

12 

42 

57 

36 

46 

55 i 

40 

2 

3 

2 

14 

6 

1 

1 

2 

4 

30 

40 

' 25 

32 

36 ' 

25 

3 ■ i 

1 

1 

6 

1 

0 

0 

0 

0 

18 

23 

14 

19 

20.'^ 

12 

4 ■ 

0 

0 

0 

0 ! 

0 

0 ! 

0 

0 

7 

10 

5 

8 

■ 9 ’ 

3 


At the constant light intensities there was little difference in the 
behavior of the heads in the series begun at midnight. The ampli- 
tude of movement was low and followed the periodic rhythm. A 
comparison of these values with those given in Table 7 for heads 
under similar experimental conditions of temperature and humidity. 
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but kept in darkness, shows that the amplitude of movement was low 
in the light. Thus the opening rates for 40 foot-candles, .275 foot- 
candles, and darkness, are 2.7, 3.1, and 6.8, respectively, and the 
closing rates in similar order are 2.4, 4, and 4.6. Since storage under 
the conditions here used has been shown to increase the sensitivity, 
these differences between the opening and dosing rates in light and 
darkness would doubtless have been greater if flowers with similar 
storage treatment had been used. 

The 3 A.M. series shows no significant difference in behavior be- 
tween the light intensities for 40 foot-candles, .275 foot-candles, 
and darkness, the opening rates for the values given above being 16.7, 
16.5, and 16.2, and the closing rates for the same intensities 8.9. 8.5, 
and 5.2. In the 6 a.m, series the opening rates for the light values 
given above were 30, 50, and 36.5, and the closing rates 14.3, 12.5, 
and 7.1. Here the most rapid opening occurred under a light intensity 
of .275 foot-candles and the highest rate of closing under that of 40 
foot-candles. The 9 a.m. series showed a slightly more rapid rate of 
closing under light intensity of .276 foot-candles than under that of 
40 foot-candles, there being no comparable series in darkness. 

Under light changes between 9 foot-candles and darkness, the 
results of which are given in the last six columns of Table 10, there is 
evident an opening reaction following the light increase at 6 a.m., 
and a closing one following darkening at noon, but no response when 
the light increase took place at noon or the decrease at 6 a.ai. Thus 
the rates of opening from 6 to 7 a.m., following the light change, are 
13, 44, and 11 for constant darkness, darkness to 9 foot-candles light 
intensity, and 9 foot-candles light to darkness, and when this change 
was made at 12 noon the closing rates for these light conditions were 
24, 25, and 43 respectively. It is evident that sudden changes be- 
tween light intensity of 9 foot-candles and darkness produce an open- 
ing reaction to light increases and a closing one to decreases when the 
direction of the stimulated movement corresponds wnth the periodic 
movement at the time the stimulus is applied. 

EFFECTS OF HUMIDITY 

Table 11 gives the results obtained at constant conditions of 25° 
and darkness, with different levels of humidity. The heads of Taraxa- 
cum officinale were grown at Colorado Springs and received no storage 
before the experiments. 

These readings show slightly higher expansion values at the 
lower humidities in all the series. Thus the midnight series expanded 
to a maximum of 20 at 76 per cent, and 60 at 25 per cent, and the 
6 A.M. series showed 86 and 100 respectively at these humidities. 
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The heads placed in the ecostat at noon and the values recorded at 
that time bear no relation to the conditions in the experimental 
chambers. This inverse relation between the degree of expansion 
and the humidity is shown in the rates of opening and closing, which 
are in the order of decreasing humidities; 2.1 and 7.5 opening and 2.4 
and 5.7 closing for the midnight series, 54 and 77 opening and 10.4 

TABLE 11 

Taraxacum Officinale 
Behavior (percentage open) of iSowers under 
constant conditions of 25® C., darkness, and 
75 and 25% humidity. 


Humidity % 

75 

25 

75 

25 

75 

25 

Time 







12 mt. 

3 

3 





1 a.m. 

3 

3 





2 

5 

6 





3 

7 

10 





4 

15 

25 





5 

15 

30 





6 

15 

40 

32 

13 



7 

15 

50 

86 

100 



8 

20 

60 

86 

100 



9 

20 

55 

72 

91 



10 

20 

40 

34 

59 



11 

20 

30 

25 

55 



12 m. 

15 

25 

12 

35 

87 

' 97 

1 p.m. 

15 

15 

5 

15 

33 

70 

2 

13 

12 

4 

9 

11 

i 28 

3 

11 

9 

4 

3 

5 

15 

4 

9 

9 

3 

3 

' 4 

12 

5 

7 

5 

3 

3 

' 3 

10 

6 

3 

3 

3 

3 

i 3 

6 


and 13.9 closing for the 6 a.m. series, and closing rates of 16.6 and 
15.2 for the noon series. Under the conditions of these experiments, 
25 per cent humidity tended to produce a higher maximum expan- 
sion of Taraxacum heads than did 75 per cent, but this difference was 
slight. Studies on the effects of sudden changes in humidity gave 
negative results in every case, showing that the values used did not 
produce movement reactions in the flowers of Taraxacum. 

TISSUE STUDIES 

As previously mentioned, the bracts and flowers of Taraxacum 
may be caused to exhibit movements similar to those of opening and 
closing, by treatment with water and various solutions of sucrose. 
The relation of this movement to the concentration of the solutions 
is the opposite of that described for tulips, the bracts and flowers of 
Taraxacum exhibiting an opening movement in water, instead of the 
closing characteristic of Tulipa. Longitudinal sections of the in- 
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volucral bracts and of entire flowers gave the following angles between 
the tips of these organs on opposite sides of the head, the readings 
being taken at 20° after 2 hours when no further movement could be 
observed: 


Fart 

Dial Hied 

Soluticma 

. . . 

Used 

W'ater 

M/10 

M/1 

m/2 ' 

M/I 

2 M 

3 1 

Bracts 

220 

im 

ISO 

130 

70 

0 

-»3(l 1 

Flowers 

ISO 

176 

164 

14fi 

120 

sr. 



The maximum opening both in bracts and flowers occurred in 
distilled w=’ater, and as the concentration of sucrose was increased the 
movement approached the closed position. The sections of bracts 
showed a greater amplitude of movement than the entire flowers, 
but the twm movements varied in degree rather than in kind. Longi- 
tudinal sections through the flowers resulted in such injury to the 
delicate tissues that the entire flowers w^ere considered the better 
material for study and were used throughout the work. Young 
flowers, such as those used for the observations, frequently did not 
open to a greater degree than the maximum obtained with distilled 
water, but closed to a lower value than could be obtained even by 
long treatment with a saturated sucrose solution at 20°. In fact a 
4 molar sucrose solution produced no greater degree of closure than 
a 3 molar, largely because during the process of closing the ligule 
became rolled and in this position did not manifest further closing 
movement. 

It is evident that in the flowers and bracts of Taraxacum, as in 
the perianth parts of Tulipa, the turgidity relations of the tissues 
have an important bearing on the opening and closing movements. 
Table 5 shows that the heads and floral parts active in opening and 
closing slightly decreased the water content from the opening to the 
closing period, but this fall was usually less than 5 per cent and was 
far too low to account for the concentration of sucrose solution 
required for producing the closing movement. The water and tur- 
gidity relations responsible for the movements of the flowers and 
bracts were not simple, but were probably complicated by changes 
in permeability of the tissues, in the irritability of the protoplasm, or 
by the liberation of osmotieally active substances within the cells. 

As previously described, the ligule of the flower was active in 
the opening and closing movements. Unlike the bracts, this organ 
contains no massive tissues but is mainly composed of delicate par- 
enchymatous cells with large, irregular, and transversely arranged 
intercellular spaces. It is difficult to see how changes in the turgidity 
of this tissue could result in the curvature of the floral part. In con- 
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trast to this, the epidermis forms a layer of compact tissue so located 
that a differential contraction or expansion of it on the inner and 
outer surfaces of the ligule could effectively produce the observed 
curvature, the delicate tissues beneath acting as a hinge. Since the 
epidermis can be quickly removed and is well suited for plasmolytic 
observations, and since the considerations just discussed point to the 
importance of this layer in the movements of the ligule, careful and 
extended studies were made to determine the osmotic relations be- 
tween the cells on the opposing surfaces of this organ. 

Small areas of epidermis were stripped from opposite surfaces of 
different portions of the same ligule by means of fine forceps. The 
freshly made sucrose solutions were checked frequently by means 
of the Abbe refractometer, and the temperature and illumination 
were kept uniform so that the values given are as strictly comparable 
as the plasmolytic method will permit. A solution was considered 
hypertonic to the tissue when the majority of the cells in two high- 
power fields showed incipient plasmolysis in 20 minutes, and when 
a similar treatment with a solution of .05 molar lower concentration 
showed no plasmolysis. Observations were made at 19° to 22° and 
are recorded as the averages of ten or more determinations. Compara- 
tive determinations were made by the use of epidermis stripped from 
the bracts of flowers of a single head. Tissues stripped from opposite 
surfaces were mounted under a single cover glass directly in the solu- 
tions recorded . The determinations were checked repeatedly on dif- 
ferent days, with different flowers, and by different observers, and 
the values given here have been confirmed repeatedly. Both in flowers 
and bracts great variation was found in the concentration of the 
plasmolyzing solution for the same organ and surface, and this varia- 
tion showed a gradient of increasing concentration from the base to the 
tip and from the median line toward the edge. Great care was exer- 
cised, therefore, to secure the tissue from equivalent regions, the 
areas selected being near the base, in the region of maximum curva- 
ture, and midway between the median line and the edge of the organ. 

Epidermis from the involucral bracts showed no relation between 
the rate or direction of movement of this organ and the concentration 
gradient of the cells, opening or closing movements occurring when 
the concentration of the cell sap was high in either the outer or inner 
layer, or when it was equal. In the field the cells both in the outer 
and the inner epidermis were plasmolyzed at the time of opening 
by .8 molar sucrose solutions, and at the time of closing the con- 
centration had fallen to the daily minimum of .6 molar. The maxi- 
mum daily value of 1 molar was reached near midnight. These 
concentrations were increased by age and by 6 hours storage at 10° 
and at 15°, and under these conditions did not show the daily varia- 
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tions conspicuous in the field. Constant conditions of 30'^, darkness, 
and 50 per cent humidity maintained values similar to those which 
obtained in the field at the time of opening. (Concentration differ- 
ences between the two surfaces were of the onler of .2 molar. Since 
no correlation could be found between movements and epidermal 
concentration, work on the bracts was not pursued further. It is 
probable that this condition indicates the activity of tissues within 
the bract, rather than the insignificance of the osmotic relations 
between opposing layers of epidermis. 

TABLE 12 

Takaxacum Officinam 

Osmotic relations of epidermal cells of otiter and inner 
surfaces of the flowers when pksmolyzed with various m 
solutions of sucrose. 


Time i 

! 

Outer ; 
Surface 

Inner 

Surface 

Condition of flower I 

12:30 a.in. 

1.95 

1.30 

Clo.st*d, slight opening later : 

2 

1.80 

1.60 

CloHod, opened later ! 

S 

1.50 

1.60 

C.losed, opened later ! 

4 

1.50 

1.70 

Closed, opened later | 

6 

1.50 

1.8,') 

Cpening !o 25 Cr 

8 

1 . 10 

2 

0|>ening to 

9 

1.60 

2 ’ 

Open 100% 

10 

1.75 

. 1.55 ^ 

Beginning to close 

11 

2 

1.50 

Closing to 75% open 

12 m. 

1.90 

1.55 

Closing to 60% open 

2 p.m. 

2.10 

1.70 

Closing to 25% open 

4 

1.95 

1.60 

( lo.se(i 

6:30 

2 

1.60 

'C.’losed 

11 

2 

1.30 

Closed 1 


Table 12 and Figure 12 show' the daily cycle of concentrations 
in the epidermal cells from opposing surfaces of the ligule in the 
region of maximum curvature, as shown in Figure 7. Flow’ers from 
a single head were used for the determinations made on the two sur- 
faces simultaneously; different heads of the same age were brought 
from the field immediately before each succeeding determination. The 
variability of the values is due partly to the errors of the plasmolytic 
method, and partly to the individual variations in the different heads. 
In all cases the values recorded for any one time were obtained from 
a single head, but different heads were used at the various hours 
in order to study the changes going on in the untreated flowers under 
field conditions. In plotting the curves in Figure 12 the individual 
variations thought to be insignificant in the movement cycle have 
been ignored and a smoothed curve drawn to show the salient changes. 

The curves show that the cells of the outer epidermis had a more 
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concentrated cell sap than those of the inner at 12:30 a.m. The 
concentrations of the opposite sides approached and crossed near 
3 A.M., diverging to a maximum difference at 8 a.m., at which 
time the concentration of the inner epidermal cells was more nearly 
equivalent to a molar sucrose solution than was that of the outer. 


> 

K 

s 

< 

-J 

0 


Fig. 12. — Daily march of osmotic concentrations in the outer and inner epidermis 
of flowers of Taraxacum ojficinale. 

Opening occurred during this period, 3 a.m. to 8 A.M., and it has 
been shown that the rate of opening also increased in response to 
a temperature change of constant intensity. The concentrations a^ain 
crossed near 10 a.m., and closing began at this time in the field, 
for at the time of this study (July) flowers in the field were closed 
almost completely by 2 p.m. 

The osmotic concentration of the cell sap in the epidermis of 
the ligule goes through a daily cycle of variations, frequently forming 
a concentration difference between the tissue on the inner and outer 
surfaces. This gradient agrees in direction with flower movements, 
and changes in direction are quickly followed by opening or closing 
movements of the flower. 

SUMMARY 

Growth of the peduncle and duration of the life of the flower 
oi Taraxacum officinale in the field vary with the season and with 
habitat conditions. Since the flowers open centripetally, the age of a 
head may be judged by the number of buds remaining at the center. 
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With increasing age the heads become less sensitive lo stirnnli. but 
show a greater amplitude of movement, During llie early ]vart of the 
flowering season and in mountain habitats, the ficnvera open in the 
morning and remain in this condition throughout the day, but during 
the warmer and dryer conditions of mid-summer rkisure occurs by 
noon. Factor studies in the field show only the general relations in 
which flowers open under rising temperature and licht imensity, and 
falling humidity, and may close under similar ctr reverse relations. 

Although conditions favoring rapid evaporation produce early 
closure, no relation could be found between floral transpiration and 
movement, but the water content of the head.s and floral parts most 
active in movement is lower at the closing period than at the time 
of opening. Cutting the heads did not result in abnormal behavior 
when water was supplied. Heating or cooling the heads in the 
field results in opening or closing if the usual time of these movements 
is near. Shade tents effect only such changes as may be explained 
by the alterations of temperature produced. Changing the angle of 
flower exposure to sunlight is without effect. Irrigation produced 
no effect upon floral behavior. Flowers or bracts in a head may be 
opened or closed independently of the rest by local heating or cooling. 
Flowers or sections of bracts may be caused by treatment with water 
or with solutions of sucrose to exhibit movements similar to those 
of opening and closing, the movements bearing a relation to concen- 
tration opposite to those shown by tulips. 

Laboratory studies showed that under constant conditions of 
temperature, light, and humidity, there is a periodic opening in the 
morning and closing in the afternoon, that this periodicity disap- 
pears within 24 hours at constant conditions and temperature levels 
of 20°, 25°, 30°, and 35°, but continues to the second day at 
16°, and that these movements are checked at 15° or less. The 
reaction rates to temperature stimuli of constant intensity show 
periodic variations similar to those exhibited by movement of the 
floral parts. Heads from mountain habitats show a different tempera- 
ture relation from those grown at lower altitudes. The time- tempera- 
ture values for reaching maximum expansion vary with the 
temperature in flowers from the lower altitudes, but show maxima 
at both high and low temperatures in flowers from mountain habitats. 
At constant temperature levels the opening rates exhibited different 
relations in the flowers removed from the field to the experimental 
chambers at ^different times of day. Closing rates are variable and 
indicate habitat and field exposure differences, but in general vary 
inversely with the temperature. Cutting and field storage at night 
increase the amplitude of response and this effect upon opening is 
further accentuated by storage at 4°. Changes in temperature produce 
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responses which result in the opening or closing of the head according 
to the direction of the periodic movement tendencies of the time, but 
the amplitude of response shows no close correlation with the degree 
of temperature change or with the temperature level to which the 
change is made. Constant levels of light intensity from darkness to 
40 foot-candles show a slight reduction in the amplitude of move- 
ment. Sudden changes in light intensity between darkness and 9 
foot-candles result in opening under increase and closing under de- 
crease only when this movement agrees in direction with the periodic 
tendencies of the time. A humidity of 25 per cent favors a greater 
degree of floral expansion than 75 per cent. 

The flowers of Taraxacum, exhibited a daily periodicity which is 
not broken by stimulation such as may occur in the field, for example 
a change from 15° to 30°. This periodicity is predetermined by the 
action of one or more habitat factors several hours before floral move- 
ment, but finds expression only when such factors reach a stimulat- 
ing level. Preceding workers who have studied periodicity have failed 
to consider the displacement which may result from temperature ex- 
tremes. Results on the stimulation effects of various factors are 
of little value for the flowers of Taraxacum, unless periodicity has 
been checked. 

Bracts and flowers may be activated to an opening movement 
by treatment with water. The bracts are closed by treatment with 
a 3 M sucrose solution at 20°, but the flowers are not completely 
closed by such treatment. Plasmolytic determination of the osmotic 
concentration of the cell sap of the epidermal cells shows no corre- 
lation between the different concentrations of the inner and outer 
surfaces and the opening and closing movements of the bract, em- 
phasizing the importance of the internal tissues in floral movements. 
In the Hgule the epidermis is particularly well suited in position and 
structure for producing the movements of this organ, and exhibits 
in the region of maximum curvature a concentration gradient parallel 
with the direction of flower movement, the movement being from 
high to low concentration. 

It is significant that the level of molar concentration of sucrose 
solutions necessary for plasmolysis of either epidermis rises appre- 
ciably between 12 m. and 4 p.m. This may be assumed to result 
from several causes. Respiration may increase the osmotically active 
by-products between these times, buffer materials present in the 
cell sap may be reduced by the action of light, or translocation to floral 
organs may accumulate osmoticaUy active materials. These points 
await clarification. 



IV 

ASTER BIGELOVI, ARCTOTIS GRANDIS, AND 
DIMORPHOTHECA AURANTIACA 

ASTER BIGELOVI 
FIELD BEHAVIOR 

Aster bigelovi occurs commonly at Colorado Springs, reaching its 
best development at altitudes of 6.1KK) to fi*t. The plants are 
found in open dry southern exposures and flower abundantly through 
August and September. The heads are 15 to 30 mm. in diameter, 
with deep blue rays. The flower is hemeranthous, beginning to open 
by 5 A.M., remaining fully expanded from 7 A.Jt. to 4 p.m., and 
closing by 6 p.m. Stages in the floral behavior are sliowii in Plate 4. 

Of the several rows of ijivolucral bracts which enclose the heads, 
all but the inner are reflexed early in the life of the bud and do not 
participate in the daily movements of the flower. The heads show 
a considerable elongation of the rays for several days before the first 
opening, the length increasing as much as from 0 to 10 mm. in the 
4 days preceding the first opening, and this continues for 2 to 4 days 
after opening. The disk flowers open centripetally, the youngest and 
last to open being at the center of the heads. The first opening is 
frequently imperfect, but a portion of the rays and few or none of 
the disk flowers responding. During cool weather but one row of 
disk flower buds opens per day. These buds expand simultaneously 
with one or two rows of closed flowers which have been open on 1 to 
3 previous days. In warm weather several rows of buds may open 
during a smgle morning and wither during the second open period. 
A single disk flower commonly opens on 2 to 3 succe^ive days, the 
final closing being a collapse of the corolla. The rays open and close 
daily during the entire floral life, their opening being preceded and 
their closing followed by that of the inner row of involueral bracts. 
The rays and bracts remain active for 7 to 12 days, the activity con- 
tinuing one or two days after the last disk flower has collapsed. In 
opening, the tips of the bracts separate and bend outward, the curva- 
ture changing throughout the length, but in greatest degree near the 
base. The rays follow closely on the movement of the bracts, reach- 
ing full expansion simultaneously. The disk flowers open during the 
time of this movement, which requires from 30 to 90 minutes. 

Erequent variations appear in the field. Flowers open later in 
the day in the higher habitats than in the lower. The opening occurs 
earlier in the morning and at a lower temperature than that of 
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Taraxacum md Agoseris. Heads exposed to the morning sun and 
protected from cold night winds respond earlier than those less favor- 
ably situated. At the higher elevations storms which suddenly re- 
duced the day temperature from 20® to 5° and increased a humidity 
of 40 per cent to saturation resulted in keeping the heads expanded 
throughout the night at temperatures approaching 0°. Such heads 
became active and moved normally when clear weather again ob- 
tained. 

Field observations and experiments similar to those described in 
Chapter III showed the heads expanding at rising temperatures of 
12.8° to 21.4°, and closing at falling temperatures of 12° to 9°. 
When heated to 30° in the field at 6 a.m., expansion to full opening 
occurred in 25 minutes. A temperature of 20° obtained in a cold 
bell jar did not result in closure until the normal time for this reac- 
tion. Cut flowers when placed near uncut and supplied with water 
opened and closed in a normal manner. The structure of the rays 
and bracts showed no significant difference from that described for 
Taraxacum. The movements of the rays were not altered by the 
removal of the inner row of bracts, nor were the movements of the 
undisturbed rays changed by the removal of the others from the 
head. The larger part of a ray may be cut away without altering 
the movement of the remaining basal portion. 

LABORATORY EXPERIMENTS 

For experiment in the ecostat chambers, heads of Aster bigelovi 
showing one or two rows of open disk flowers were used; these heads 
had been open on the two days preceding the experiments. The 
experimental methods were similar to those described in Chapter HI, 
except that measurements of the rays were used for estimating the 
flower movements, and that all heads were grown at an altitude of 
8000 to 9000 feet and were brought from the field immediately 
before the time of their installation in the experimental chambers. 

PERIODICITY 

Table 13 gives typical average readings of heads of Aster bigelovi 
collected at different times of day and kept under constant conditions 
of 2 foot-candles light intensity, 50 per cent humidity, and tempera- 
ture levels of 10°, 20°, and 30°. Open flowers placed in the 10° or 
20° chamber at 3 p.m. showed a periodic closing and a reopening on 
the following morning, but did not exhibit further movement. Open 
flowers placed in the experimental chamber at these temperatures 
during the forenoon or at noon remained open without showing 
periodic movements for 24 hours. Closed flowers placed in the 
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10° axid 20* chambers during the afternoon exhihitcfl periodic 
opening (tu the following morning, but no further movements. 
At 30°. open flowers remained ftpen, showing no further move- 
ments for 40 hours. Flowers in the process of ('losing, when 
placed in the 30° chamber quickly opened and retnaim'd expanded, 
and closed heads rapidly became permanently e.\p3iidefi. At this 
temperature there was no evidence of pt?riodieity. At constant tem- 
peratures of 10° and 20° periodic movements appe.arcd only when 
the heads were removed from the field between noon and midnight; 
flowers cut during the forenoon showed no periodic activity. Evi- 
dently the periodicity is predetermined during the morning hours. 

TABLE 13 


Behavior f percentage open) of flowers tt virioiia fonstant teniperaturei, 2 lool- 
eandies light intensity, and 50% humidity. 
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Table 14 gives the results obtained by subjecting flowers to sud- 
den changes of temperature between 30° and 10°. This demonstrates 
that opening in a variable degree followed a change from 10° to 30° 
at periods scattered throughout the 24 hours of the day. When the 
changes were made at 6 p.m., 12 midnight, 2 a.m., 4 a.m., 6 a.m., 
and 12 m., the opening rates for the first hour following the tempera- 
ture change were 28, 73, 46, 46, 62, and 54, respectively. Of these, 

TABLE 14 
Aster Bigelovi 

Behavior (percentage open) of flowers in response to changes in tempera- 
ture between 30® and 10®C- 

X, changed from 10® to 30®. y. changed from 30® to 10®. 


Time 

Changed from lO'* to 30® 

at X 

Changed from 30® to 10® at ^ 

12 m. 

87 

100 



100 









1 p.m. 

75 

92 



93 









2 

63 

84 



84 









3 : 

50 

75 


79 

73 









4 

42 

50 


61 

50 









5 

33 

50 


51 

48 









6 

30a; 

50 


22 

48 

! 

0 






5 

7 

58 

42 

10 

21 

46 


5 

5 

13 

5 

6 

5 

20 

8 

85 

35 

3 

20 

43 


10 

25 

35 

5 

5 

5 

39 

9 

87 

27 

3 

18 
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AXTHOKIXETICS 


only the first, second, and fifth are comparable, all being placed in the 
ecokat chambers at noon. Although the lowest jjpcning rate follow- 
ing the temperature change occurred at 6 p.m., the values were too 
variable to establish periodicity in the flower behavior. When the tem- 
perature change w-as made from 30^ to 10°, a slight (dosing movement 
usually followed, frequently after several hotirs latent period. The clos- 
ing rates were extremely variable, ranging from 2 to 10 for the hour 
following the temperature decrease, and they did not show periodicity. 
Results not given in this study showed that changes between 10° 
and 20° differed merely in degree from those first discussed, the move- 
mentbeing less than that following changes between 10° and 30°. 

It is evident from these studies that periodicity in Aster bigelovi 
is not as firmly fixed as in Tarascamm. Field conditions between mid- 
night and noon induce a slight rhythm w'hieh is suppressed at a con- 
stant temperature of 30°, a degree seldom reached in the habitat of 
this species. The results obtained by subjecting flowers to sudden 
changes of temperature between 10° and 30° at different times of 
day seem to indicate that the apex of the rhythm which prepares the 
heads for opening is reached at about midnight. 

EFFECTS OP TEMPERATURE 

Table 13 shows the relation of flowers of Aster higclovi to con- 
stant temperature levels of 10°, 20°, and 30°. The average values 
of the closely comparable series started at 6 p.m., graphed in Figure 
13, indicate that the amplitude of movement varies with the tempera- 
ture, the percentage maximum expansion being 47, 93, and 96 at 10°, 
20°, and 30°, respectively. The maxima of the 3 p.m. series are 
identical, and maxima at each of the three temperatures when aver- 
aged in all cases where expansion occurred, gives 45, 93, and 98. 
Figure 13 shows for a single series what is evident for all, viz., that 
the reaction time varied inversely with the temperature, and that 
periodic variation appeared only at the lower temperatures. If the 
flowers were closed, they were stimulated to open partly at 10° and 
fully at 20° only at the normal opening period. Although the degree 
of maximum expansion varied wdth the temperature, the flowers 
were not closed at 10°, showing a relation betw’een the thermal re- 
quirements of this species and the cool mountain habitats in which 
it occurs. 

Responses to sudden changes of temperature (Table 14) show a 
rapid expansion following a change from 10° to 30° at all periods 
tried throughout the day, and a very slight closing movement follow- 
ing more or less closely the reverse change. Open flowers closing in 
response to 10° did not reach the degree of closure at which the open- 
ing movement stopped at this temperature. Thus the percentage 
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maximum expansion at 10° constant is 45, and in the heads changed 
from 30° to 10° the minimum equilibrium value is 76. Factors other 



Fio. 13. — ^Percentage opening of flowers of Aster bigelovi under constant condi- 
tions of 2 foot-candles light intensity, 50 per cent relative hunaidity, and 
the temperatures indicated. 


than those of temperature were operative in closing the flowers of 
Aster bigelovi in the field. The thermal requirements are evidently 
below those of Taraxacum. 

EFFECTS OF LIGHT 

Extensive determinations of light stimulation were not made on 
flowers of Aster bigelovi hecsMse of experimental difficulties not solved 
at the time this work was done. A single set of data showed that a 
sudden increase in light intensity from darkness to 9 foot-candles at 
20° and 50 per cent humidity produced a slight opening response 
at 3 A.M., with an expansion from 0 to 3 per cent at 5 a.m.; further 
opening did not differ from that at the same temperature in darkness. 
A similar change in light at 6 a.m. when percentage opening had 
progressed to 20 resulted in expansion to 35 at 7 a.m. against 25 in 
darkness. Changing the flowers which had. opened in the ecostat 
from 9 foot-candles light intensity to darkness at 3 p.m. and at 
6 P.M. resulted in a slight but distinct closing movement, the flowers 
closing from 70 to 54 by 8 p.m. and remaining closed to the end 
of the experiment at 8 a.m. the following day. 
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EFFECTS OF HUMIDITY 

A single experiment on the relation of the flowers of A^ter hige- 
lovi at 20°, darkness, and 25 and 90 per cent relative humidity, 
showed negative results, the flowers in both cases opening to Sf) and 
remaining thus throughout the experiment. 

TISSUE STUDIES 

In general structure the rays of Aster higelovi resemble ligules 
of Taramcmn and show similar relations between movement and 
plasmolysis of the epidermal cells at the region of maximum curva- 
ture. Plasmolyzing solutions of sucrose at 20° (Hept. 3) gave the 
following results. 


Time 

Flower 

Epklerinis : 

Movement '% 

.Inner 

C.'hiter 

5 a.m. 

O 

o 

2.60 M 

2.311 M 

7 a.m. 

0|>en 75 

2,50m 

2.30 m 

12 m. 

Open IC^ 

2 m m 

2.10 m 

B pjn. 

Closing, open 75 

2mM 

2,20 M 

7 p.m. 

Closed 

2 M M 

2.2011 


It is evident that for species already described the direction of 
ray movement corresponds with the osmotic gradient of the epi- 
dermal cell sap. 

SUMMARY 

Aster higelovi attains the best flower development in mountain 
habitats during late summer and early fall. The lieads show periodic 
movements only when allowed to open in the field and at tempera- 
tures below 30°. During the second day in the experimental chambers 
the heads remained open to a degree varying with the temperatures 
at which they were maintained. Temperature changes from 10° 
to 30° caused the opening of closed flowers, but changes in the re- 
verse direction did not result in closure. Sudden light changes 
between darkness and 9 foot-candles showed a slight opening to light 
and closing to darkness. No effects of humidity on flower movement 
were observed. The osmotic concentration of the epidermal cell sap 
showed a difference between the inner and outer surfaces of the 
ligule, the gradient corresponding to the direction of floral movement. 

ARCTOTIS GRANDIS 
FIELD BEHAVIOR 

Arctotis grandis is a common hemeranthous garden flower, the 
young buds of which are pendulous and closely covered by bracts 
with scarious tips and hairy bases. As the lavender rays elongate 
before opening, the bracts are forced apart and the rays cover the disk. 
The rays frequently reach a length of 3 cm. and show areas varying 
in color but darkening toward the base. The buds assume the erect 
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position on the day preceding or the day of the first opening, which 
is frequently imperfect, showing but a few rays expanded and no 
disk flowers. During July the rays open from 7 to 9 a.m. and close 
by 6 p.M. on six successive days. The dark gray-blue disk buds open 
centripetally, one to three rows per day, exposing the black anther 
ring just above the tube of the corolla. The stigmas emerge at once 
with the stigmatic surfaces together, and toward the center of the 
head develop progressively longer styles carrying the closed stigma 
lobes with a mass of pollen high above the anthers. The stigmas 
expand on the second day of floral opening and this expansion occurs 
on three successive days before the collapse of the flower. After 6 
to 7 successive openings of the rays, when ail the disk flowers have 
expanded and the outer cycles have collapsed, the rays wither and 
become inactive and the involucral bracts again enclose the heads, 
which then become pendulous. When the seeds are matured, the 
heads again become erect and the bracts are reflexed to allow seed 
dispersal. Plate 5 shows stages in the floral behavior. 

Arctotis heads do not open as early in the field, either on the day 
of the first and partial opening or on that of the final expansion, as 
they do between these ages. The plants seem well adapted to high 
temperatures, growing best in protected southern exposures. The 
behavior of cut flowers supplied with water in the field agrees with 
that of the uncut heads. The removal of the involucre or of a portion 
of the rays does not alter the behavior of the rays remaining intact. 

LABORATORY EXPERIMENTS 

Behavior of potted flowers used in the laboratory experimental 
work agreed with that of cut heads in every case. 

The laboratory work was carried out by the methods already 
described, heads which had opened 2 or 3 days in the field being 
brought directly to the experimental chambers. 

PERIODICITY 

Table 15 shows the behavior of heads of Arctotis grandis under 
constant conditions of darkness, 50 per cent humidity, and tempera- 
ture levels at 15°, 20°, 25°, and 35°. Periodic opening and closing 
movements were present in all cases except in the midnight series at 
35°, the flowers beginning the opening movement between 5 and 7 
A.M. and the closing at 11 a.m. Under constant illuminations of 40 
and .275 foot-candles intensity the periodic cycle likewise appeared 
(Table 16), being evident in all series except the 10:30 p.m. under 
40 foot-candles light. Periodicity was also evidenced in the heads of 
Arctotis, as in those of Taraxacum, by the nature of the reactions fol- 
lowing a change in temperature or hght. 
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TABLE 16 
Amcrona Oeakms 

Behavior (percentage open) of heads under eontdant conditiona of darkness, 
60 ?® humidity, and different temperature levels, and under middm changes in 
temperature. 

X. temperature change (last two columns). 
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|| y i Table 15 shows the results of such a change made from 15° to 30° 
|l^ 5 A.M. and 2 p.m. An immediate opening response followed this 
I fsl^ange at 5 a.m., but only a slight reduction in the closing process 
I W 2 P.M. The change from the field to the ecostat chambers at the 
I biiiginmng of the studies under constant conditions constitutes a stimu- 
Ipiof approximately similar intensity when made at midnight, 3 a.m., 
I ^d 6 A.M. Table 15 shows that this stimulus produced an im- 
j IlMiate reaction only in the 6 a.m. serisa at the three lower tempera- 
tures, and in the 3 a.m. and 6 a.m. series at 36°. Periodicity in the 
behavior of the heads of Arctotis appeared in similar relation when 
light and temperature changes were made simultaneously by trans- 
ferring the heads from the field to the illuminated chambers, immedi- 
ate reactions following only when the change was made at 3 or 6 a.m. 

' ; ; ' : , Cut heads left in the field behaved like those the averages of 
which are given in Tables 15 and 16. It is evident from the foregoing 




ih day 6 Am. 





ARCTOTIS GEANDIS 


87 


paragraph that a period of preparation is necessary for the opening 
of closed flowers, and that until this is complete periodic or stimulated 
reactions do not occur ; an increase in temperature or light which will 
cause opening after the preparation period will produce no such reac- 
tion during it. Since reaction follows immediately in the 3 a.m. and 
6 A.M series, preparation for opening is completed in the field by 
this time. 



The degree-hours of the preparation period plotted against the 
temperature are graphed in Figure 14; the curves show that the ex- 
perimental conditions greatly modify the values, and hence the be- 
ginning of the periodic opening, the values for the midnight series 
increasing with temperature. At 3 a.m., preparation in the field 
had reached a stage at which the response to a change from the 
habitat (12.5°) to 15° was delayed, but it was immediate at tem- 
peratures above this. At 6 a.m., changes from the habitat (13°) 
to the temperature of any chamber was followed by an immediate 
reaction. A comparison of the values of the midnight series with 
those of the 6 A.M. series shows that increasing temperatures be- 
tween 15° and 35° were progressively more unfavorable for the 
preparation period as compared to the conditions of the habitat. 
The degree-foot-eandle-hours of the preparation period, computed 
from Table 16, give, for the series from 10:30 r.M. to 6 a.m., 
infinity, 1,200, 800, and 0 at 40 foot-candles and 35.75, 27.50, 0, 
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and 0, at .275 fnot-candlps. indicating that high light intensity 
is also unfavorable for the preparation for opening. 

Table 15 shows that in general the heginnintr of the opfuiing reac- 
tion of the flowers of Aretnfis grandis was hostener! by higher tem- 
peratures, the average time beitig 5:40. 5. 5. and 2:40 a.m.. for the 
temperatures from 15 ' to 35 '. When the flowers were subjected to a 
temperature of 35° during the preparation period, the degree of open- 
ing was greatly reduced. The level of the curve of expansion values 
varied directly with the temperature between lo'' and 25°, but was 
erratic at 35°, showing that this temperature was above the optimum 
range. The maximum percentage opening of the flowers in Table 
15, at the four increasing temperatures, is as follows. 


Temp. 'C. 

15 

20 

25 i 

.T5 ! 

Spfifs 

12int. 

m 

■ 05 

‘ S4 

' 6 

1 3 a.m. 


i t')K 1 


58 

I 6 a.m. 

42 

i 03 i 

1 76 

m) 


This indicates that the maximum degree of opening varied di- 
rectly with the temperature between 15° and 25° in all the series, 
but in the range from 15° to 35° only in the 0 a.m. sc'ries. 

If the opening rates are computed as the movtuiK'nl from the 
end of the preparation period to the maximum e.x])ansion, they are 
proportional to the temperatures between 15 atul 25" except for 
the low value in the 6 a.m. series at 25 . I'he averages for all the 
series are 9.7, 25.3, and 34.2 for 15°, 20°, and 25°, respecti%’ely. The 
closing rates from the maximum to the minimum are 3.5, 4.8, and 
7.9 for the same sequence of temperatures. It is evident that the 
opening and closing rates of the flowers vary with the temperature 
level. 

The two final columns in Table 15 show a direct opening reac- 
tion in response to a temperature change between 15° and 30° at 
5 A.M. If the opening rates following the installation of the heads 
in the ecostat chambers at 6 a.m. are taken for the first hour at 15°, 
20°, 25°, and 35°, we have 15, 18, 72, and 78. That is. the initial 
rates of reaction following a sudden temperature change vary with 
the temperature and magnitude of the stimulus. 

EFFECTS OF LIGHT 

Table 16 shows the averages from heads of Arctotis gmndis 
placed in the experimental chambers at 20°, 50 per cent humidity, 
and at constant light intensities of 40 and .275 foot-candles. The 
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flowers under an illumination of .275 foot-candles did not react 
differently from those in darkness. Light of 40 foot-candles intensity 
reduced the degree of expansion, the maxima at this light intensity 
being below that at .275 foot-candles with average percentage open- 
ings of 36 and 58. 

TABLE 16 
Arctotis Granms 

Behavior (percentage open) of flowers under 
constant conditions of 20® C., 50% immidity, and 
different levels of light intensity. 


Light 

Conditions 

40 Foot- 
candles 
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The rates of opening and closing, computed in the same way as 
described in the discussion on temperature effects, are as follows. 


Light 

Conditions 

40 Foot-candles 

.275 Foot-candles 

Series 

Opening 

Closing 

Opening 

Closing 

10:30 p.m. 
12 mt. 

6 

2.4 

14.5 

10 

13.2 

4.4 

3 a.m. 

18.5 

4.6 

11.3 

3.3 

6 a.m. i 

21.3 

21.3 

62 

7.9 


These values are variable, due in part to the limited number of 
heads employed in the work, but in general show that the opening 
rates vary inversely and the closing directly with the hght intensity. 
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EFFECTS OF HUMIDlTi’ 

Two expcriuH'Uts were porfornicd to ascertain liio ('fforts of 
hmnidiiy on tho lioliavior of flowers of Ardniis grandh. (.‘oiistant 
humidity levels of 25, 50, and 80 percent wr-rc user! at a Icinpcu-ainre 
of 25°. Xo differences in the behavior of the flowers could be de- 
lected, the rate and extent of movement and the dnraiion of the 
open and closed periods lieing essontially the same. 

TISSUE STUDIES 

The rays of the flowers of Arctotis grandis arc ojjoned and closed 
by changes in curvature largely confined to a region somewhat less 
than a third of the distance from the base to the apex of the flower. 
In general structure this is similar to that of Taraxaeu/n, but con- 
tains more parenchymatous tissue. Epidermis from this active region 
was examined by the methods described in Chapter III. and the 
resulting eoncentration curves are given in Figure 1 5. 



, Fig. 15,— Osm,otic concentrations in the outer and inner epidermal cells of flowers 

of Arciotw grmdk. 

The tune and molarity of the sucrose solution producing plas- 
molysis are plotted as abscissae and ordinates in the upper curves, the 
sphd line giving the values for the outer epidermis and the broken 
line those for the inner. Since different heads were used for the 
determinations at the various times, the parallel variations in the 
curves are not significant as related to fl,ower movement, but are the 
result of individual and daily variations in eoncentration of the cell 
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sap throughout the epidermal tissue. In order to express only the 
differences in concentration on the opposing surfaces, the lower curve 
is drawn showing equality of concentration as zero, differences favor- 
ing the outer epidermis as positive numbers, and the inner as negative 
ones. 

The outer epidermis showed a higher concentration than the 
inner at midnight, and this fell to equality which persisted up to 
the time of the opening period. During opening, the higher concen- 
tration was found on the inner surface, and this condition changed 
through equality to the reverse relation during the closing period. 
Following this the relations were again reversed, the inner epidermis 
showing the higher concentration during the preparation period. 

SUMMARY 

It is evident from this study that there is a significant daily 
cycle of changes in the concentration of the cell sap in the epidermis 
of the flowers of Arctotis, which appears together with considerable 
field variation and a concentration gradient increasing from base to 
tip of ray. The direction of the concentration gradient, from high to 
low concentration, is never against the direction of flower movement, 
but the gradient which appears during the preparation period is not 
followed quickly by opening. Differences in concentration between 
the opposite sui'faces do not cause the flower movements in Arctotis, 
but when such movements occur they progress from the stronger 
toward the weaker side and pass through a period of equal concen- 
tration on both surfaces to a reverse relation and a movement in the 
reverse direction. It is probable that a differential hydration of the 
tissues is fundamentally concerned in the movement of the rays, and 
that the osmotic relations of the cell sap are connected with move- 
ment through this phenomenon. 

DIMORPHOTHECA AURANTIACA 
FIELD BEHAVIOR 

Dimorphotheca aurantiaca closely resembles Arctotis grandis in 
structure and behavior. The flowers reach their best development in 
Colorado Springs during late summer, at which season the yellow 
rays, with a length of 4 cm., expand at 6 to 7 A.M., and close in the 
early afternoon. The rays open and close on 7 to 8 successive days 
before collapse, and when old roU longitudinally 1 or 2 days before 
becoming inactive. The disk flowers open and close for 3 days before 
collapse, during which time the anthers and later the stigmas are 
exposed. In the field the opening and closing processes each require 
about 2 hours. The water content of the rays was found to be less 
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at the closing than at the opening period, the average percentage 
values being 84.2 at 0 a.m. when the rays were ftpening, and 82.7 
at 2 p.M. when the closing movement was in process. 

Field studies showed that the flowers could he opened before 
the normal time by heating under a bell jar to 2.’}^', and that they 
would close before noon under these conditions. Cooling to 18“ to 
20°, or irrigating the plants, produced no effect on the normal be- 
havior. Cut heads supplied with water in the habitat behaved nor- 
mally for at least 48 hours. 

LABOEATORY EXPERIMENTS 

Laboratory studies were made by the methods already described. 
A marked periodicity in behavior was shown by the opening and 
closing of the heads under constant conditions. This periodic daily 
rhythm could be displaced by treatment, but appeared in the altered 
form under all conditions tried. Maximum opening was reached 
simultaneously at 15°, 20°, and 30°. Cutting was without effect on 
the movement. Storage at 25°, 100 per cent humidity, and darkness 
for 10, 13, and 16 hours before installation in the experimental cham- 
bers did not delay the time of opening when the lu'ads were kept 
at 30°, 40 per cent humidity, and darkness, the niaxinuun expansion 
being reached at 6 a.m. Similar storage at 35° resulted in a delay 
in opening so that the maximum expansion of the heads •was reached 
1 to 5 hours later than in the field or in the 30° chaiiibcr. Storage 
at 12°, 100 per cent humidity, and darkness for 10, 13, and It) hours, 
which was without effect on the time of maximum expansion when 
the heads were placed in the 30° chamber, delayed the time at which 
full expansion was attained in one hour in the 25° chamber, and in 2 
to 3 hours at 15°. A sudden change from 30° to 15° resulted in a slow 
closing movement (an hourly rate of 9.5) when carried out at 11 
A.M., but a faster rate (16) at 3 p.m. Changes made from 15° to 
30° resulted in immediate opening when applied at 6 a.m., but did 
not check closure at 4 p.m. The behavior of Dimorphotheca was 
more variable than that of Arctotis, possibly because of the hybrid 
nature of the material. 

At darkness and 40 per cent humidity the percentage maximum 
expansion of the heads varied directly with the temperatures between 
10° and 30°, being 0, 15, 55, 94, and 100, at 10°, 15°, 20°, 25°, and 
30°, respectively. In the series placed in the ecostat chambers at 
6 A.M. the opening rates varied with the temperature, being 1, 10, 
and 20, at 15°, 20°, and 30°. Under constant conditions closing was 
incomplete at 20° and 30°, but did not correlate closely with the 
temperature, being 40 to 50 at both of these temperatures. The time- 
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temperature requirement for expansion to maximum at constant con- 
ditions of darkness and 50 per cent humidity did not differ greatly 
at temperature levels of 15° and 25°, but decreased as the time for 
periodic expansion approached, being for the 12 midnight, 3 a.m., 
and 6 a.m. series, 330, 225, and 180 at 15°, and 450, 225, and 125 at 
25°. If these numbers are expressed in proportion to the 6 a.m. 
values as unity they are, in the order given, 1.83, 1.25, and 1 for 15°, 
and 3.60, 1.80, and 1 for 25°. It is evident that the time-temperature 
concept of Blackman, Livingston, and others must be modified if 
applied to the opening of Dimorphotheca heads, where there is a time- 
temperature-periodicity relation rather than one which is dependent 
only on external factors coincident with the reaction. Constant hu- 
midities of 25 and 75 per cent showed no difference in flower behavior 
for 24 hours. At constant levels of light of 40 and .275 foot-candles 
intensity the effects were similar to those described for Arctotis. ■ 

TISSUE STUDIES 

Plasmolysis studies on the epidermis from the outer and inner 
surfaces of the rays showed an increasing concentration gradient from 
the base toward the tip and a considerable difference in concentration 
between the yellow and blue areas. Comparisons must be made only 
between areas of similar color. When the region most active in move- 
ment was considered, the direction of curvature was found to be that 
of decreasing concentration. In the field the concentration averages 
were 1.35 and 1.45 molar respectively for the outer and inner surfaces 
at 6:30 a.m. during the beginning of the opening process, and 1.40 
and 1.30 respectively at 2 p.m. when closing was under way. When 
the flowers were kept closed at 15° constant temperature for 30 hours, 
the concentrations found were .70 and 1.10 molar for the outer and 
inner surfaces respectively. At 30° constant the concentrations were 
.80 outer, and 1 inner, and after a change to 15° at 2:30 p.m., 1.25 
and .80 respectively. 

In Dimorphotheca there is a concentration difference between the 
opposite epiderms in the region of active curvature similar to that 
found in the other flowers discussed. In preparation for the movement 
a difference in concentration between the opposite surfaces appears, 
and before the opposite movement this disappears and is reversed. 
It is probable that the hydration phenomena are actively concerned 
in the movements of the ligules of Dimorphotheca. 

SUMMARY 

The rays of Dimorphotheca aurantiaca exhibit a structure and 
behavior similar to that of Arctotis, displaying a daily periodicity of 
movement and a sensitivity to temperature and light, but no relation 
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to humidities of the range tried. The direction of curvature of the 
rays during opening and closing is that of decreasing concentration 
in the cell sap of the epidermis. This, together with the fact that the 
water content of the rays is altered during the daily periods of move- 
ment, points to hydration changes in the tissues concerned. 
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TRAGOPOGON, ACROCLINIUM, AND SIMILAR 
FLOWERS 

TRAGOPOGON 
FIELD BEHAVIOR 

Two species of Tragopogon are common in waste places at 
Colorado Springs; T. pratensis with yellow flowers, and T. porrifolius 
with purple. The flowers are hemeranthous, like those discussed in 
the preceding chapters, but close early in the day, the open period 
during July being 10 to 11 a.m. The opening and closing movements 
are each completed in the field in about 45 minutes. Like Taraxacum, 
the heads may remain open throughout the day in shaded habitats. 
In opening, the involucre spreads first at the tip, the flexion extend- 
ing toward the base until the bracts are spread to an angle of about 
45° ; the first opening may stop at this stage. During the opening 
of the bracts the rays bend out and unroll, reaching full expansion 
simultaneously with the involucre. The disk flowers open after the 
bracts and rays have expanded, the opening progressing centripetally 
and frequently not beginning until the second opening period of the 
head. The movements of the rays and bracts are largely the result 
of curvature in a limited region near the basal end. The bracts, being 
thick and bent in from the midrib, seem to open less readily than the 
rays which are usually closely applied against the inner surface during 
the opening movement and limit the degree of expansion of the rays. 
Very young heads do not open to as great a degree as do the older ones, 
but the final opening is often partial, like the first. Several stages in 
the opening of the heads of T. porrifolius are shown in Plate 6. 

Twenty buds of Tragopogon porrifolius were numbered on plants 
growing in a dry level meadow, and twenty buds of T. pratensis found 
on a dry western slope partly protected by small trees, as well as ten 
of the latter species growing in an irrigated meadow. These heads 
were observed daily during the opening period, and results are shown 
in the following table, the first column under each species observed 
listing the number of heads which showed the behavior given in the 
second column of the table, the percentages being computed from 
these values. 

In both species the involucre opens 1 to 4 times, most commonly 
3. The rays and disks of T. porrifolius open once or twice, but in T. 
pratensis three openings are not uncommon. The disk flowers of both 
species usually open but once, the successive opening given in the 
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table being due to buds which did not open on the first expansion of 
the bracts and rays. 


Opening Movements 

T. porrifolius 

T. pratensis 

T. pratensis 
(irrigated) 

No. 

% 

No. 

% 

No. 

Of 

/o 

• I,': 

Involucre openings 

1 

5 

3 

15 

1 

10 

^2, 

Involucre openings 

6 

30 

8 

40 

3 

30 

3 

Involucre openings 

9 

45 

9 

45 

5 

50 

"4 

Involucre openings 

4 

20 

0 

0 

1 

10 

■; 1 

Openings of rays 

7 

35 

7 

35 

0 

0 

, 2 

Openings of rays 

13 

65 

11 

55 

8 

80 

3 

Openings of rays 

0 

0 

2 

10 

2 

20 

1 

Openings of disks 

7 

35 

7 

35 

2 

20 

2 

Openings of disks 

13 

65 

11 

55 

1 5 

50 

3 

Openings of disks 

0 

0 

2 

10 

i '3 

30 


Factor readings were made in the field at the time of the flower 
movement and found to be variable. The following are typical, the 
readings being made in close proximity to several flowers in the process 
of movement. Light intensity is given as percentage sunlight, meas- 
ured by solio paper. 


Opening | 

Closing 

Temp. "C. 

Humidity % 

Light % 

Temp. °C. 

Humidity % 

Light % 

9.5 

58.3 

5.8 

31.5 

35.5 

60 

11 

95 

2.5 

23 

74.5 

80 

9.6 

48.6 

33 

31.5 

26 

80 

7.5 

78 

33 

22 

39 

80 

8.8 

72 

15.5 

29.3 

27 

80 

10.1 

! 66 

7.8 

* 31.5 

24 

80 


In general the flowers open at periods of low but rising tempera- 
ture and light, and high but falling humidity; but in view of the great 
variation in the values of the three factors measured at the time of 
opening and closing on successive days, and of the probability of a 
delay between stimulus and response, little more can be safely con- 
cluded from the readings. 

Transpiration studies of Tragopogon were inconclusive, any ef- 
fects of the flower position being obscured by the variation of indi- 
vidual heads. The percentage water content of ten heads of equal 
age averaged 85.1 when first open at 6 A.M. ; an equal number of 
heads gave an average of 82.2 at 11 a.m. when the closing movement 
was in progress, the individual variations between the heads being 
about 1 per cent. 






Flower c^^cle of Tragopogon porrifoUus 
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EXPERIMENTAL BEHAVIOR AND FLORAL STRUCTDBE 

Undisturbed closed heads of both species were opened at 3 a.m. 
by heating to 30° in a bell jar with humidity at 60 per cent, but 
closed heads did not open under similar treatment during the after- 
noon. Normal open heads were closed at 9:30 a.m:. by heating from 
30° to 32°, at 28 per cent humidity. 

In heads cut from the plant immediately before the opening 
period, no movements occurred for over 24 hours; that is, the heads 
did not expand the first morning after cutting. Following this period 
the heads behaved normally for 48 hours or more if placed in the 
habitat. Heads removed while open, the cutting in all cases being 
done under water, remained expanded for the normal priod, closing 
and reopening with the undisturbed heads in the same locality. Heads 
cut after closure would frequently but not invariably begin normal 
movement on the following morning. Apparently a period of ad- 
justment or recovery is necessary after cutting before normal opening 
occurs, but this is not the case for the closing movement. Cutting 
the heads with varying lengths of peduncle made no change in the 
flower behavior. Closed heads cut immediately before the opening 
period could not be stimulated to open by a sudden increase in tem- 
perature to 35°, but if placed in a bell jar within which the air was 
kept saturated, the heads opened and continued their normal behavior. 

A typical experiment was carried out July 8. Ten closed heads 
of T. pratensis which had been fully expanded for the first time on the 
preceding day, were cut at 5 a.m. and half the number placed in each 
of two bell jars on slate bases in the field. The air in one jar was 
kept at approximately 98 per cent humidity, and the other at 20 per 
cent. The temperature and light intensity varied in the sequence of 
these conditions outside, the former rising to 40°, and the latter re- 
maining approximately 70 per cent of the field value. At 7 A.M. the 
heads in the humid bell jar were fully expanded, as were the undis- 
turbed ones nearby; but those in the dry bell jar were still closed. 
At 10 A.M. the normal heads were closed, the cut heads in the dry 
atmosphere had not opened, and those in the moist jar were still 
fully expanded, remaining in this condition until 4 p.m. The follow- 
ing morning all heads opened at 6:10 a.m., the degree of expansion 
being less for the heads in the dry bell jar than for those in the moist 
one. 

The opening of Tragopogon S-owers is apparently intimately con- 
nected with turgidity and water relations when these are made a 
limiting factor by cutting the heads, since normal heads enclosed in 
a moist chamber do not alter their behavior. 

Removal of the leaves from a plant produced no effect on the 
flower movement in T. pratensis. Removal of the disk flowers while 
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the heads were expanded produced immediate and permanent closing 
of the involucre in both species. This closure took place in one to 
two minutes, much faster than the normal movements, and was 
probably due to the partial collapse of the receptacle. The removal 
of the involucre bracts produced little or no effect on the opening or 
closing of the ray and disk flowers, the rays rolling and turning toward 
the center just as in the normal inflorescence. 

The structure of the ligule and bract in cross section is shown 
in Figure 16. The ligule is composed of loosely arranged tissue, and 
the epidermal layers alone are suited in structure and position for 
producing curvature in the ligule by differential elongation. The 
outer epidermis is more highly cuticularized than the inner and con- 
tains stomata which appear inactive. It appears that the only tissue 
forming a continuous layer so situated as to produce curvature is the 
epidermis, since the vascular bundles of the corolla are not distributed 
throughout but are located centrally where differential expansion 
would not be likely to produce movement. The ligules of Tragopogon 
exhibit considerable movement, since they not only bend in and out, 
largely as the result of curvature in a limited region, but also roll 
longitudinally. In these movements the epidermal layers probably 
play an important role. The difference in the cuticularization on the 
two surfaces helps to explain the peculiar behavior of the ligules when 
the water supply is reduced by the cutting of the flower. Transpira- 
tion might be expected to take place more rapidly from the inner 
surface than from the outer, resulting in a differential turgidity pro- 
ductive of a closing movement. Oiling the surface of the ligules was 
tried with a view to proving this point, but it was found that the re- 
sults were doubtful because the oiled surfaces prevented normal move- 
ment, and in closing the oil became irregularly distributed over both 
surfaces. 

The structure of the involucral bracts shows important differ- 
ences (Fig. 16). The epidermal layers do not differ greatly in cuti- 
cularization, but the outer layer is heavily underlaid with collenchyma. 
This more massive structure would not be so easily curved, and it is 
doubtful whether a tissue layer such as the epidermis could effectively 
accomplish it. It is more probable that other tissues are instrumental 
in producing the movements of the bracts, and that the epidermis 
is of importance in the control of transpiration and hence of turgidity. 

LABOEATORY EXPERIMENTS 

Little work was done on Tragopogon in the laboratory, because 
the potted material proved unsatisfactory, and cut heads were found 
erratic in behavior unless taken from the field in the open condition 
or left for 24 hours after cutting. Tragopogon is a flow^er for which the 
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results of the most detailed laboratory experiments may be in error 
unless checked by field studies. The average percentage openings 



Fig. 16. — LongitAidinal sections through the involucre and receptacle of Tragopogon 

pmtenm, 

1 — after removal of the cuticle and treatment for 15 minutes at 20° with distilled 
water; 2 — the same section after 15 minutes at 20° in molar sucrose solution; 3, after 
an additional immersion of 2 hours in saturated sucrose solution at 20° ; 4, cross sec- 
tion of involcural bract in the region of maximum curvature; 5, cross section of the 
corolla in the region of most active curvature. 

given in Table 17 have been computed from results for heads which 
seemed to behave normally under experimental conditions. All the 
heads used had opened for the first time on the day preceding the 
experiments, were cut immediately before being placed in the experi- 
mental chambers, and opened completely and normally wAen placed 
in the field on the day following the experiments here recorded. 

Table 17 shows that these results confirm those obtained in the 
field. When cut in the closed condition at midnight, the heads opened 
slightly at 25 per cent humidity, and to nearly full expansion at 75 
per cent. When the heads were cut in the opening condition at 
6 A.M. the opening process continued to completion at 20° but was 
limited at 35°, indicating that the latter temperature was above the 
optimum. Permanent injury did not result from the low humidity 
or high temperature, since the heads all behaved normally when 
placed in the field the following day. The periodic behavior is 
evident from the fact that the flowers opened and closed only at the 
time normal for these reactions in the field. The effect of the time 
of cutting also shows the periodic nature of the flower movement. 
The opening rates, taken from Table 17 in the order given, are 1.3, 
10.3, 50, and 9, and the closing rates in the same order are 2.4, 20.8, 16, 
and 13.6. The opening and closing movements were of greater magni- 
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tude at 75 per cent humidity than at 25 per cent in the material cut 
at midnight, and greater at 20° than at 35° in the 6 a.m. series. 

TABLE 17 

Tragopogon Pratensis 
Behavior (percentage open in dark- 
ness) of flowers at different levels of 
temperature and humidity. 


Temp. “C. 

25 

25 

20 

35 

Humidity % 

25 

75 

50 

50 

Time 





12 mt. 

8 

8 



1 a.m. 

8 

8 



2 

8 

9 



3 

9 

11 



4 

13 

28 



5 

13 

45 



6 

16 

70 

50 

50 

7 

16 

87 

100 

64 

8 

19 

90 

68 

68 

9 

18 

50 

66 

57 

10 

17 

19 

56 1 

25 

11 

9 

11 

29 I 

7 

12 m. 

8 

7 

7 : 

1 

1 p.rn. 

7 

7 

4 : 

0 

2 

7 

7 

4 ; 

0 

3 

7 

7 

4 

0 


Entire bracts of T. porrifolius and T. pratensis exhibit slight 
movements similar to those of opening, when treated for two hours 
at 20° with saturated sucrose solution. This opening movement is 
not complete after prolonged treatment, but a closing movement 
readily results from treatment with distilled water. Figure 16 shows 
the positions of two bracts when treated with water and with sucrose 
solution. A longitudinal section of a bract was more easily affected 
by this treatment, but did not show much curvature either in dis- 
tilled water or saturated sucrose solution, unless the cuticle had been 
removed by scraping the surface lightly. If the cuticle was thus 
removed from the inner surface, distilled water produced an opening 
movement, and .5 m sucrose solution a closing response, in 15 min- 
utes at 20° ; if the outer cuticle was removed, the action was the 
opposite, distilled water causing a closing movement and sucrose 
solution an opening. For complete closing, molar solutions were 
required. This indicates that a differential turgidity on the two sur- 
faces of the bract naay produce the movements of opening and closing 
and that the direction of this movement is dependent on the perme- 
ability and rate of entrance of water on the two surfaces. Probably 
the differential permeability of the underlying tissues is of importance 
in this phenomenon. 
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The ligules are afiPected much more readily than the bracts. When 
expanded they may be rolled, as in closure, by treatment with .1 m 
sucrose solution at 20°, and reopened by treatment with water. The 
curvature is similarly affected; that is, opening movements are pro- 
duced by distilled water, and closing by sucrose solutions, but this 
action does not occur as readily or completely as the rolling move- 
ments. The ligule is completely rolled by .1 m sucrose solution in 
15 minutes at 20°, but there is little curvature even in stronger solu- 
tions. Opening occurs in water in the same length of time. 

Plasmolysis studies on the opposing epidermis in the regions 
most active in movement indicated that a daily cycle of concentration 
occurred similar to that in Taraxacum. The results obtained are 
graphed in Figure 17, in which the molar concentration of sucrose 
solution producing incipient plasmolysis is plotted against time. The 
values for the bracts differ but little at any period during the day, but 
are greater in the cells of the inner epidermis before and during the 
opening and open periods, and become higher in the outer layer only 
during a short period at the beginning of closing. Between the op- 
posite epiderms in the bracts there was no significant difference in 
concentration during the closed period except immediately before 
opening. 



Fig. 17.-— -Concentrations of sucrose solutions causing incipient plasmolysis in the 
cells of the opposing epidermis on the bracts and ligules of Tragopogon 
pratensis. 
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The ligules exhibited a somewhat similar relation, but the differ- 
ences between the two epiderms were greater than those that occurred 
in the bracts. From early morning until after- 10:30 a.m. (no determi- 
nations were made between this time and 2 p.m.) the concentration 
in the inner epidermis was greater than that in the outer. This 
included the opening and open periods and the beginning of the clos- 
ing. During the early part of the closed period the concentration 
of the outer epidermal cells reached the maximum. The plasmolytic 
results indicate that the difference in concentration between the op- 
posite epidermal layers is never as great in the bracts as in the ligules, 
and this agrees with the observations that a more concentrated solu- 
tion is required for producing the closing movement in the flowers 
than in the bracts. Changes in the concentration probably accom- 
pany those of hydration, and both are closely connected with floral 
movements. 

SUMMARY 

The flowers of Tragopogon pratenm and T. porrifoUus are hemer- 
anthous, opening early in the morning and closing during the fore- 
noon, but displaying a very variable behavior. Although both 
opening and closing take place under conditions of rising temperature 
and light intensity and falling humidity, closing occurs under condi- 
tions which promote an increasing rate of transpiration, and an 
intensification of these conditions hastens the movement. Floral 
transpiration does not show variations correlated with floral move- 
ment, but the water content of the head is less at the time of closing 
than of opening. Closed flowers may be opened in the field by heating 
to 30°, but only at a time near that at which this movement normally 
occurs. Closed heads cut shortly before the opening period remain 
inactive for 24 hours, and then if placed in the field continue the 
normal movements. If removed immediately after closing, the be- 
havior on the following day is erratic, but if cut while open normal 
movement follows. Heads cut while closed behave normally if kept in 
a humid atmosphere. The structure of the ligule makes it probable 
that the epidermis produces the curvatures that result in the opening 
and closing movements of this organ ; in the bracts other tissues are 
actively concerned. 

Laboratory experiments show that the flowers display periodic 
behavior and react to temperature and humidity levels by expanding 
to the maximum opening at high humidities and at temperatures 
below 35°. The ligules exhibit opening movements if placed in water, 
and may be closed again by treatment with .5m sucrose solution. 
The bracts do not respond as readily, but show a similar action that 
may be greatly accelerated by removing the cuticle of the inner sur- 
face, and reversed by the destruction of the outer. It is evident that 
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turgidity relations in the active regions of the floral parts are of 
great importance, and that alterations in the rate of water conduction 
or in foliar transpiration affect floral movement through this condi- 
tion. 

CREPIS ALPINA AND RELATED ELOWERS 
The behavior of Crepis alpina, C. tectorum, C. joetida, C. run- 
cinata, Hieracium sahavdum, H. saxijragum, and H. boreale was essen- 
tially similar, and these flowers are not distinguished in the following 
discussion. Field work was carried out on all species, but the labora- 
tory study was confined to C. alpina and C. joetida. The opening 
of the heads was similar to that described for Arctotis, differing in 
that the stigma lobes showed more movement, the filaments bending 
centripetally as the flowers closed, and forming a network above the 
surface of the closing heads. At Colorado Springs, opening occurred 
at 7 to 10 A.M:., and closing at 1 to 4 p.m. The heads opened on 
5 or 6 successive days, after which the bracts remained closed until 
the final opening when the fruit matured. The floral behavior of 
Crepis runcinata is shown in Plate 7. The individual flowers of the 
heads opened on 3 successive days before collapsing. As in the case 
of Tragopogon, conditions favoring a high rate of foliar transpiration 
shortened both the length and the number of open periods, and the 
water content of flowers was found to be 3 to 4 per cent less at the time 
of closing than at the opening period. Flowers in the field responded 
to an increase in temperature from 13.4° to 30° by expanding when 
this change was made shortly before the usual time of opening in the 
field, but exhibited no movement when this was applied after the 
normal closure at 3 p.m. Cut flowers were more erratic than uncut, 
but usually opened and closed normally. 

PERIODICITY AND TEMPERATURE RELATIONS 
Since Crepis alpina was not available at the laboratory, it was cut 
3 hours before the first experiment and stored in a thermostat at 
10°, darkness, and 100 per cent humidity, being thus brought to the 
laboratory and removed immediately before installation in the ecostat. 
The general behavior was similar to that of Taraxacum, storage in- 
creasing the amplitude of response rather than the nature of the 
movement. Heads became inactive after storage for 48 hours or more. 
Experimental methods were otherwise similar to those described. 

This shows an opening reaction the extent of which varied with 
the temperature at 10°, 15°, and 20°, but did not increase at 30°, 
which is apparently super-optimal. Complete opening did not occur 
before 5 a.m. in any case, and the beginning of the opening move- 
ments was never observed before midnight. No movement followed 
installation in the 10° or 15° chambers before 3 a.m. The slight 
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opening reaction observed at 10° was probably due to the stimulus 
resulting from the transfer of the heads from the thermostat chamber 
through the laboratory temperature to the ecostat, as no opening 
occurred when the flowers remained in the thermostat at 10°. At 
15° the extent of expansion, when this occurred, varied with the time 
of placing in the experimental chambers; and this relation also held 
for 20° and 30°, up to the 9 a.m. installation which fell below those of 
3 and 6 A.M. At 20° and 30° the rate of opening varied directly 
with the time of installation up to 9 a.m. The preparation period 
decreased in all cases as the time of periodic expansion was ap- 
proached; that is, the result of the change from the thermostat to 
the 20° and 30° chambers followed immediately at 3 a.m. and later, 
and to the 10° and 15° chambers at 6 a.m. and 9 a.m. In the 
9 p.M. series, sudden changes in the temperature from 15° to 30° 
resulted in immediate opening when made at 6 a.m., the rate for the 
hour following the change being 80. In a similar change from 15° 
to 20° the rate was 55, but when these changes were made in the 
opposite direction at 6 a.m. no movement followed. 

CEEPIS ALPIJIA 

Behavior of heads under constant conditions of darkness, 60% 
humidity, and the temperatures given. 

1. Percentage maximum opening. 

2. Hourly rate of opening. 

3. Number of hours preparation period in experiment chambers. 


Temp. °C. 

10 

15 

20 

30 

Time 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 . 

3 

9 p.m. 

0 



0 



40 

5 

5 

50 

10 

5 

12 mt. 

0 



0 



75 

9 

2 

75 

25 

2 

3 a.m. 

0 



55 

9 

1 

100 

33 

0 

100 

33 

0 

6 

5 

3 

0 

70 

8 

0 

100 

50 

0 

100 

100 

0 

9 " ■ 1 

5 

3 

0 

73 

10 

0 

75 

37 

0 

60 

60 

0 


SUMMARY 

Various species of Crepis and closely related forms behave much 
hke Taraxacum, 'Gae flowers opening under constant conditions or in 
response to a rise in temperature only near the time of the normal 
daily expansion in the field. 

REICHARDIA TINGITANA 

Reichardia was grown in the garden at Colorado Springs, reach- 
ing the best development in July when this study was made. The 
field behavior was very similar to that oi Arctotis. The floral life 
history is shown in Plate 8. The flowers and bracts opened and closed 
7 to 8 successive days, the open period being from 7 to 8 a.m. to 
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11 A.M. At the time of closing, the water content of the flowers 
averaged 4 per cent below that found at opening. Cutting produced 
no abnormal behavior for 24 hours. All experimental work was 
carried out on freshly cut material which had made two daily openings 
before the time of cutting. The behavior of the heads was studied 
under constant conditions of darkness and 50 per cent humidity, and 
at temperature levels of 20° and 35°; also at 20° and 50 per cent 
humidity under illuminations of 40 and .275 foot-candles light in- 
tensity. In all cases, opening and closing occurred in the usual daily 
rhythm, changing in degree under the various experimental condi- 
tions. In darkness the rate and degree of opening were greater at the 
lower temperature in the midnight and 3 a.m. series, but varied 
directly with the temperatme in the 6 a.m. series, showing, as in 
Taraxacum, that low temperatures are favorable for the preparation 
for opening, and higher temperatures for the opening process itself. 
At .275 foot-candles light intensity, expansion was greater than in 
darkness or under illumination of 40 foot-candles in the midnight 
and 3 a.m. series, but in the 6 a.m;. series the greater expansion 
occurred under the more intense illumination. The time at which the 
maximum opening occurred was earlier at 35° than at 20°, but was not 
affected by the light differences. 

Reichardia exhibited a behavior in the field and under constant 
experimental conditions similar to that of Taraxacum. The prepa- 
ration for opening is favored by darkness and low temperatures, and 
the rate and amplitude of movement vary directly with the tempera- 
ture when the preparation has been completed. 

OTHER HEMERANTHOUS COMPOSITAE 

Field studies of Agoseris californica, A. grandiflora, A. major, 
Cichorium intybus, Lactuca pulchella, Layia elegans, Malacothrix 
californica, M. fendleri, Ptiloria tenuifolia, Rhagadiolus edulis, Son- 
chus arvensis, and Tolpis barbata, showed a floral behavior essentially 
similar to that of Taraxacum, Crepis, and Reichardia. There are 
numerous differences in the floral life histories, some of which are 
shown in Plate 9 of Cichorium, Flate 10 of Layia, and Plate 11 of 
Ptiloria. The buds of Layia do not close completely and the bracts 
take no part in the closure. During the active life of the heads the 
rays continue growth and movement, opening early in the forenoon, 
and closing in the afternoon to an erect position and contin- 
uing to elongate (Plate 10). The receptacle gradually assumes 
a conical form, bringing the younger flowers near the cen- 
ter of the head to an elevated position and maintaining the 
fruits thus until distribution. Ptiloria differs from the types of com- 
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posites described, in displaying flower movements in heads containing 
but five flowers. All the flowers of the head expand simultaneously 
in the early forenoon, and close several hours later in the day, repeat- 
ing this behavior on 2 to 3 successive days. In opening, the flowers 
curve in a region nearly midway between the base and the tip, the 
involucral bracts opening but slightly. On the collapse of the corollas 
the bracts close, and reopen to allow the distribution of the fruits. 
Bhagadiolus shows an interesting modification of movement; after 5 
to 7 daily opening and closing movements, the bracts curve longi- 
tudinally, enclosing the withering corolla and developing fruit. 

Detailed experimental studies in the laboratory were not under- 
taken on these species, but such studies as were made indicated that 
the flowers react much as in the forms already described. Periodicity 
and an opening response to sudden increases in temperature were char- 
acteristic of aU. A decrease in water content of the floral parts 
occurred in all species during the open period, and the turgidity 
conditions of the tissues seemed similar to those already discussed. 

ACROCLINIUM ROSEUM 

The buds of Acroclinium are supported in a pendulous position 
by the long slender peduncles untU one or two days before the first 
opening of the flowers, when the heads become erect. The bracts are 
first reflexed on bright summer days at 6 to 10 a.m., and close at 4 to 
6 p.M. The opening movement is somewhat slower in the field than 
the closing, but each is completed in one hour or less, and is re- 
peated on 10 to 15 successive days. The heads close rapidly with the 
coming of rain, the process at times being completed in less than 
10 minutes. No close correlation between the opening and closing 
movements and the temperature could be established in the field, the 
heads expanding with a rising temperature and falling humidity, and 
closing when these factors change in the reverse order, as in other 
hemeranthous forms. When approaching the end of the period of 
floral activity, the bracts go through a decreased amplitude of move- 
ment and finally remain in the reflexed position, the receptacle becom- 
ing conical. Typical stages in the life history are shown in Plate 12. 

Cut flowers behaved normally for several days when exposed in 
the field, showing a sequence and rate of movement similar to that of 
uncut material. Both cut flowers and heads growing on potted plants 
were used for the laboratory studies and uniformly gave similar 
results. Determinations of the water content of the basal portion of 
the bracts showed a fall of approximately 5 per cent from the opening 
to the closing period. 

< The scarious rays of Acroclinium are composed largely of dead 
cells with transparent walls and gas-filled interiors. Near the base 
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of the rays this transparent tissue abruptly gives way to living chlor- 
enehyma, the junction being the point of maximum curvature in the 
opening and closing movements. ^ When the cells of this tissue are 
killed by drying at atmospheric temperatures, by heating to 100°, 
or by age, the movements may still occur. Brief treatments with 
chloroform vapor temporarily decrease the amplitude of movement, 
the heads remaining partly closed. This effect may be imbibitional. 
Individual rays cemented to a glass slide by means of gum arabic 
solution exhibit an opening and closing movement when the air about 
them is heated or cooled. Since this procedure alters both tempera- 
ture and humidity, no conclusions concerning the causative factors 
could be drawn. When the temperature is maintained constant at 
20° and the bracts are treated with air saturated with water vapor, 
closing movements occur. Bracts treated with chloroform vapor for 
two hours closed, reopened on exposure to the air, and could not be 
again stimulated to movement by treatment with water vapor. Since 
closing movements took place in the detached bracts, the receptacle 
and outer parts of the involucre seem to act merely as a support for 
the moving organs of the head and not to be intimately concerned 
in the movements. 

LABORATORY EXPERIMENTS 

Laboratory studies were carried on by the same methods as de- 
scribed for the other species previously considered. The heads showed 
no opening and closing responses correlated wdth constant tempera- 
tures of 15° and 30°, and did not show movement in response to 
sudden changes Ijetween these levels. No effect of light intensities 
between darkness and 40 foot-candles could be observed. The heads 
readily responded to changes in humidity. The behavior of heads 
kept under constant conditions of 25° and darkness, and at constant 
humidities of 25 and 75 per cent, and sudden changes between these 
values, is graphed in Figure 18. 

The curves show that the heads, after coming into equilibrium 
with the experimental conditions, remained at a constant degree of 
opening inversely proportional to the humidity throughout the course 
of the experiment. Reciprocal changes made at intervals throughout 
the day were followed immediately by movements showing the same 
relation to the humidities in which the heads were placed. The curves 
of the heads under constant conditions revealed no periodic variation, 
and the response to changes in humidity between 25 and 75 per 
cent were followed immediately by movements similar in rate and 
degree at different times of day. Thus the closing rates for the two- 
hour periods were 38, 46, 47, 46, 45, 46, for one series; and 41, 39, 39, 
38, 37, for the reciprocal series; and the opening rates for the two 
series were 41, 47, 46, 45, 46, and 39, 37, 38, 37, 38, 37. 
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Fig, 18 .— Behavior of Ac^oclinium roseum under constant conditions of temperature 
and light, and at different constant and variable humidities. 

EFFECTS OF HUMIDITY 

The degree of opening at 25 per cent humidity was 71, and at 75 
per cent humidity was 13; that is, the curve of floral movement is 
steeper than that of humidity, the relation being 3 to 5.5. The heads 
transferred from the laboratory to the 25 per cent humidity chamber 
opened to a degree from which there was a temporary fall before 
the final rise to the equilibrium value (Fig. 18), because this value 
is thought to have resulted from an unequal water loss from the two 
surfaces and a temporary reversal by conduction from adjacent tissue 
or from the contraction of the structure as a whole, as has been shown 
by Rywosch (1925). This characteristic of the reaction appears in 
the greater degree of opening in the heads changed to 25 per cent 
humidity than in constant equilibrium value at this level. The fact 
that the curves do not reach the 75 per cent level indicates that the 
intervals in the chamber at this humidity were insufficient to allow 
equilibrium. Reference to ihe 75 per cent constant curve shows that 
6 hours were required for reaching final equilibrium. 

In order to study the rates at which equilibrium was attained 
under various conditions, readings were made as frequently as move- 
ment could be accurately determined. The data thus obtained are 
given in Table 18, in which opening and closing movements are 
recorded as observed. The opening movement continued to approxi- 
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mate completion at humidities below 20 per cent, and little or no 
expansion took place at humidities of 50 per cent or more. 

Three typical opening curves are shown in Figure 19. It will 
be seen that the curves are sigmoid at the lower humidities, flattening 
as the humidity was increased. Hygroscopic cun^es of organic ma- 
terials do not commonly assume this form, but continue at an increas- 
ing rate with higher humidity values (International Critical Tables, 
vol. 2.) If the difference between two materials of unequal hygro- 
scopicity is taken, the resulting curves more nearly approach the form 
found for AcrocUnium. The difference between the values for news- 
paper and kraft wrapping paper is flattened in Figure 20 for com- 
parison. Although the values for this curve are weights instead of 
curvature, as recorded for AcrocUnium, the forms are similar. The 
movements of the floral parts are evidently the result of unequal rates 
of expansion of two opposing layers. The maxima readings are not 
necessarily equihbrium values, as the time of observation was often 
insufficient to reach this point. 



Fia. 19. — Percentage opening of flowers of AcrocUnium roseum under different con- 
ditions of temperatui-e and humidity. 

The hourly rates of opening to maximum may be computed from 
the data in Table 18, and these plotted merely against the vapor 
pressures of water at the given temperatures and humidities as shown 
in Figure 20. The expansion curve is similar to that of the expansion 
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of the swelling of gelatin as given by MacDougal (1920), approaching 
the axes asymptotically. The single divergent point was probably due 
to individual variation in the heads employed. 

The closing process followed curves of similar form (Table 18). 
The living epidermis over the chlorenchyma at the point of maximum 
movement showed a gradient of osmotic concentration as determined 
by plasmolysis. In an open head the solutions of sucrose isotonic with 
the outer and inner epidermis were 0.3 m and 0.4 m respectively. In 
the closed head the corresponding values were 0.3 m and 0.2 m. 



Fig. 20. — Hourly rates of expansion to the observed maximum of flowers of icro- 
clinium roseum at various vapor pressures. 

SUMMARY 

The heads of Acroclinium roseum show a daily opening and 
closing movement, closure occurring in the evening or before a rain. 
Heads are but slightly affected by temperature or light changes, 
but are very sensitive to humidity, the positions varying inversely 
with the vapor pressure. The rate of opening follows the swelling 
curve of colloids and seems to result from the unequal turgidity of 
opposed tissue layers. The bracts that show movement are largely 
composed of scarious tissue, but the curvature (resulting in move- 
ment) occurs chiefly in the region where this tissue and living chlor- 
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enchyma meet. Movements are not prevented by treatment that 
kills the living cells of the chlorenehyma, and are probably due to 
the hygroscopicity of the ceil walls. 

SPECIES SIMILAR TO ACROCLINIUM 
Ammobium, Helichrysum, Bhodanthe, and Xeranthemum ex- 
hibit floral behavior differing from that of Acroclinium largely in de- 
gree of movement. Helichrysum and Bhodanthe show daily opening 
and closing movements and were found by experiment to respond 
to different levels of humidity in the same way as described for 
Acroclinium. Ammobium and Xeranthemum show little daily move- 
ment in the field, unless rain raises the humidity level, when closure 
follows, frequently at night. The bracts in all cases are green at the 
base and show the maximum curvature at the junction between this 
and the scarious areas. The closing movements of Ammobium and 
Xeranthemum are slow and imperfect. 
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VI. 

ESCHSGHOLTZIA CALIFORNICA, MENTZELIA 
LINDLEYI, AND SIMILAR FLOWERS 
ESCHSGHOLTZIA CALIFORNICA 
FIELD BEHAVIOR 

Eschscholtzia californica is a common garden plant coming into 
the blooming period at Colorado Springs in July and continuing until 
frost. The buds are erect and are enclosed by a green calyx cup which 
is torn free from the base at the first opening of the flower and forced 
off by the expanding base of the corolla cone. The petals open at 7 
to 9 A.M. and close during the afternoon, repeating these movements 
on 4 to 6 successive days. The anthers open at the first or second 
expansion of the petals, and the stigma is exposed on the succeeding 
day. In closing, the petals roll spirally, as in the bud, forming a com- 
pact cone which encloses the stamens and pistil. The older flowers 
open slightly before the younger, the first opening of a flower usually 
being completed an hour after the older neighbors have reached 
complete expansion. As the end of the active life of the flower is 
approached, closure becomes irregular and incomplete. Frequently 
the petals of old flowers do not close into a compact cone but roll 
individually, forming four conical rolls with the stamens and pistil 
exposed between. The opening movement requires about one hour, 
bringing the petals to an angle of 110°. The petals of old flowers 
frequently roll out along the longitudinal axis and drop singly, those 
remaining continuing their movements until detached. Following the 
fall of petals the ovary remains in the upright position and elongates 
during the development of the ovules (Plate 13). 

FIELD EXPERIMENTS 

Closed flowers of Eschscholtzia heated to 25° in a bell jar in the 
field opened if this treatment was before the normal time of open- 
ing. The application of the same temperature in the afternoon, 
following closure, resulted in an opening movement, but this took 
place at a lower rate and did not proceed to complete expansion. The 
flowers closed when cooled to 18.5° from 11 a.m:. to 12 m. Covering 
with shade tents produced no noticeable result unless the shelters 
were made of light-proof cloth, when early closure followed, probably 
as a result of the increase in temperature within such a tent. Flowers 
heated to 35° in a bell jar in the field closed slightly before adjacent 
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normal ones. Cut flowers exposed in the bed with a supply of water 
opened and closed normally for 2 or more days. When stored at 10°, 
darkness, and 100 per cent humidity for 24 hours, they opened readily 
at any time of day when the temperature was raised to 20°, 25°, or 30°. 

In the region of the most active curvature, Eschscholtzia flowers 
showed a considerable mass of parenchymatous tissue, many of the 
cells containing yellow chromatophores. The intercellular spaces 
were small compared to those found in the corolla of the Compositae. 
The inner epidermis was more heavily cuticularized than the outer, 
the cuticle forming protuberances above each cell. The thin places 
facilitated curvature inward, and the entire inner epidermis exerted 
considerable tension in that direction, as may be seen from the 
immediate rolling of this layer when torn free from the underlying 
tissue. 



Fig. 21 .—Cross sections of the corolla of Eschscholtzia caUjomica through the basal 

region 


1 inner epidermis (E) with cuticle (G) and underlying parenchyma ceils (F) x 450, 
and 2 inner epidermis rolled when torn free from the underlying tissue. 

The structure of the inner epidermis, and the action when free 
from the other tissues, are shown in Figure 21. No functional stomata 
were observed on either surface in the active region of curvature. The 
corolla, being so well protected, showed a very low rate of transpiration, 
but this rate could not be correlated with the position of the flower. 

LABORATOKY EXPERIMENTS 

Ecostat experiment on the flowers of Eschscholtzia were carried 
out according to the methods already described. Since a sufiflcient 
supply of flowers was not available at the laboratory, most material 
used was stored in the thermostat at 10°, darkness, and 100 per cent 
humidity, during the transportation from the field and until the 
beginning of the experiments. The number of hours of such storage 
preceding the experiment is recorded in each case. 

Table 19 gives the average behavior of 20 freshly cut flowers, 
and flowers on potted plants, at various constant conditions of 15°, 
20°, and 30° temperature, darkness, and 50 per cent humidity. 



rirst day 7.4 m. 
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TABLE 19 

Eschscholtzia Califoenica 
Behavior (per cent open) of cut and 
potted flowers subjected to constant con- 
ations of darkness and 50% humidity, and 
to various constant temperatures. 


Flowers 

Freshly Gut 

Potted 

Temp. ®C. 

15 

. 

20 

SO 

30 

Time 





6:30 a.m. 

1 

28 

11 

5 

9:30 

0 

0 

0 

60 

11:30 

4 

25 

80 

90 

1 :30 p.m. 

4 

60 

89 

90 

4:30 

4 

77 

85 

72 

5:30 

0 

35 

1 48 

I 30 

6:30 

0 

5 

8 

0 


The response curves are given in Figure 22, These show that 
under constant conditions cut flowers of Eschscholtzia opened during 
the morning, and closed in the late afternoon, the delay in the rhythm 
being due to cutting during the beginning of expansion. Flowers 
growing on potted plants showed a similar periodic rhythm, but 
lacked the shock effects of cutting and hence reached maximum ex- 
pansion sooner. The periodic opening tendency, if delayed by shock, 
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Fig. 22.-— Percentage opening of flo'wers of Eschscholtzia calij arnica under constant 
conditions of darkness and 50 per cent humidity, and 15®, 20®, and 30® C. 
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is effective at the given temperatures in producing an opening move- 
ment later in the day. 

Table 20 gives the average behavior of 2 to 5 flowers at various 
conditions of temperature and periods of storage. The number of 
hours storage at constant conditions of 10°, darkness, and 100 per 
cent humidity is given at the head of each column and shows the time 
between cutting in the field and installation in the experimental 
chamber under the temperature conditions given, darkness, and 40 
per cent humidity. 

Typical response curves are shown in Figure 23. 



PiQ. 23.— Behavior of flowers of Mschscholtzia calijomica under constant conditions 
of darkness and 40 per cent humidity and 20° and 30° C., after difierent 
storage periods. 


A great disturbance in the periodic rhythm was produced by this 
treatment (Table 20). Thus, as shown in Column No. 1, the opening 
reaction immediately followed installation in the 30° chamber, the 
maximum being reached at 2 p.m.; in Column No. 2 this maximum 
appeared only on the day following treatment at 30° ; and in Column 
No. 3 the reaction immediately followed installation in the 30° 
chamber, the maximum being reached at 5 p.m. The explanation 
of this lies in the nature of the periodicity and its dependence on the 
preparation period for opening. Considering first the material ex- 
posed in the 30° chamber, the flowers used for the reactions given in 
Column No. 1 were cut at 1 p. m. shortly before the normal closing 
period and stored under conditions that prevented all opening move- 



TABLE 20 — ^Bschschoi.tzia Californica 

Behavior (per cent open) of flowers subjected to constant darkness and 40% humidity and to the temperatures indicated, after storage periods 
under constant conditions of 10®, darkness, and 1(K)% humidity. Change in temperature shown at head of columns is marked with an asterisk. 
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ments for 11 hours. An opening reaction immediately followed the 
change to 30° and continued to 82 per cent completion. Column No. 
4 shows the behavior of flowers cut at 1 p.m. and given less than one- 
half (6 horns) of the preparation period at 10° before changing to 
30°. No reaction followed the change for 7 hours and it was delayed 
and reduced in amplitude, the maximum of 50 per cent having been 
reached at 1 p.m. The flowers for which results are shown in Col- 
umn No. 7 were cut at 2 p.m. After 16 hours storage these opened 
immediately to full expansion when changed to 30°. This shows 
that preparation for opening progressed better under the conditions of 
10°,. darkness, and 100 per cent humidity than at 30°, darkness, and 
40 per cent humidity. 

The flowers used in the experiments the data for which are given 
in Columns No. 2, 3, 5, 6, and 8, were cut at 12 noon during the open 
period. Column No. 2 shows that after 3 hours storage and closure 
the flowers showed no opening for 8 hours after the change to 30°, 
and that the expansion which then followed was delayed and of de- 
creased amplitude. There was a period of 14 hours from the beginning 
of opening to the maximum of 85 per cent. The flowers used for 
results given in Column No. 5 received 19 hours storage. When 
changed to 30° the opening response was immediate and progressed 
to a higher degree of expansion. Flowers the data for which are given 
in Columns No. 6 and 8 received 15 and IS hours storage and agreed 
in displaying immediate response of large amplitude when changed 
to 30°. 

The results of experiments at 20° show a perodic relation similar 
to that at 30°, indicating that preparation for opening in Eschscholtzia 
does not progress appreciably better at 20° than at 30°. Since other 
experiments showed that preparation w’ent on normally at 15°, there is 
perhaps a threshold value lying between 15° and 20°. The change 
from the thermostat to 20° constituted a less intense stimulus than 
the change to 30°. The periodicity of Eschscholtzia flowers is appar- 
ent m a comparison of the time of response following the changes. 
Thus in Columns No. 2 and 12 it is evident that when preparation 
was incomplete and the resulting movements slow, the delay follow- 
ing the change to the experimental chambers was greater at 20° than 
at 30°. It is probable that this delay is not a latent period during 
which the effect of the stimulus is becoming apparent, but represents 
the time required for the sum of the periodic opening tendency and 
constant temperature to become effective. Thus at 30° (Column 
No. 2), opening began at 12 Mt., but at 20° not until 6 a.m. (Column 
No. 12). As the preparation became more complete this temperature 
difference decreased until it vanished when the preparation period 
had been 11 hours or more. The response to a sudden change in 
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temperature between 30° and 20° showed a periodicity. Thus in 
Columns No. 22, 23, and 24, changes from 30° to 20° at 6 a.m. 
checked the extent of the reaction; at 12 noon this check was tempo- 
rary and was later followed by further expansion, and at 3 p.m, no 
noticeable change in the closing reaction resulted. Changes in the 
opposite direction at 10 p.m. and 3 a.m. showed no difference in 
response. 

Periodicity in the flowers of Eschscholtzia is detennined by the 
daily cycle of habitat factors, as Stoppel has already reported for 
other species. The period during which the flower is closed consti- 
tutes a preparation for opening, and this preparation does not pro- 
ceed normally at temperatures of 20°, 25°, or 30°, and largely disap- 
pears after 24 hours of constant conditions. The conditions obtaining 
during the preparation period are as important as those during the 
periods of movement in determining the floral reaction, the rate, time, 
and extent of opening depending on the preparation as well as on 
the factors obtaining at the time of movement. 

EFFECTS OF TEMPERATUEE 

Table 19 and Figure 22 show results and curves for a daily period 
computed from 20 flowers of Eschscholtzia under each temperature 
condition given. All flowers closed after cutting, immediately re- 
opened in a cun'-e proportional to the temperature, the maxima being 
4, 77, and 89 for the rising temperatures, and the rates of opening 
to a maximum after recovery from cutting, 4, 11, and 22. The de- 
gree-hours required for reaching a maximum opening at 30° was 
210 for the cut, and 150 for the uncut, and at 20°, 200. That is, the 
temperature-time requirement for opening was similar at 30° and 
20° for cut flowers, but these values were considerably increased by 
the shock of cutting over those obtained from potted flowers under 
similar conditions. Cutting during the closed period did not produce 
this shock effect, and if time for recovery were allowed before the 
opening reaction it did not affect the behavior curve. 

From the preceding discussion of the effects of periodicity, it is 
clear that a comparison of the effects of temperature on the flowers 
of Eschscholtzia can be made only between flowers having the same 
treatment before the experiment. The results of 30° and 20° constant 
temperature after 3 hours storage may be seen in Columns No. 2 and 
12, Table 20. Here the unfavorable conditions of the preparation 
period delayed the response and Ihnited the reaction. Change to 30° 
resulted in an opening movement beginning 9 hours after the change 
to this temperature and continuing to a maximum of 85 per cent 
at an opening rate of 3.7, while at 20° movement began after 14 
hours, continuing to a maximum of 83 per cent at an opening rate 
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of 4. That is, temperature effects appeared under these conditions 
in delayed initiation of response rather than in rate or extent of open- 
ing. Where the preparation was more nearly complete, as after 6 
hours storage (Columns No. 4 and 14), the rate and extent of open- 
ing varied directly with the temperature, the values being 2.8 and 
50 at 30° and 2.2 and 38 at 20°. With a preparation approaching 
normal, 9 hours storage (Columns No. 5, 10, 15, and 20), the rate 
and magnitude of opening varied directly with the temperature, the 
maxima, and rates being 83 and 14, 65 and 11, 50 and 12.5, and 0 
and 0, for 30°, 25°, 20°, and 15°, respectively. 

With 15,16, and 18 hours of storage (Columns No. 6, 7, 8, 9, 16, 17, 
18, 21) the differences between 30° and 20° were small, approximately 
full opening occurring under both conditions. At 15° a slight periodic 
opening occurred. After 26 hours storage (Columns No. 3 and 13, 
Figure 23), an opening reaction to full expansion followed immedi- 
ately at 30° and 20°, the rate being 50 in both cases. At constant 
temperature levels the flowers of Eschscholtzia responded according 
to the temperature conditions obtaining at the time of opening, and 
also the conditions and length of the preparation period. Freshly 
cut flowers and those subjected to short periods of storage at 10°, 
darkness, and 100 per cent humidity, expanded according to the 
daily rhythm in the field at a rate and to a degree varying directly 
with the temperature level between 15° and 30°. Storage in the 
thermostat under the conditions just given favored the opening reac- 
tion so that the difference in the effect of a change to either 30° or 
20° disappeared after 26 hours storage. Preparation for opening was 
not complete by 6 p.m. in the 10° chamber, and the opening which 
followed at 30° or 20° was delayed and limited in extent. No opening 
reaction occurred at 15°, except in one ease where a slight periodic 
movement took place. Columns No. 22 to 26 show the results of 
sudden changes between 30° and 20°. After 6 hours storage the 
opening reaction was delayed and limited under constant conditions 
of 30° and 20°. Columns No. 22, 23, and 24 show that changes made 
from 30° to 20° at 6 a.m., 12 m., and 3 p.m. limited the extent of the 
reaction, but did not appreciably hasten closure except at 3 p.m. 
when the periodic action agreed in direction with the movement. 
When the reverse change was made at 10 p.m. and 3 a.m., an open- 
ing reaction followed after a latent period of one horn, progressing 
slowly to a greater degree of expansion than that in the flowers with 
similar storage at 30° constant. It seems probable that this tempera- 
ture change constituted a stimulus to opening, the result of which was 
an increase in the initial opening to a greater degree of expansion 
than would occur under similar but constant conditions. 
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This is in contrast to the effects of constant temperatures, which 
do not seem to constitute a stimulus but to control the expression in 
movement of internal stimuli. Experiments the details of which are 
not given here, showed that changes in temperature between 30° 
and 15° made during the course of movement increased the rate of 
opening when the temperature rise was made during the opening 
movement, but did not cheek closing when a similar change occurred 
during the process. 

EFFECTS OF LIGHT 

The average reactions of flowers of Eschscholtzia kept at 25°, 
50 per cent humidity, and .275 and 40 foot-candles light intensity are 
given in Table 21, and two curves are shown in Figure 24. All 
flowers were cut in the field immediately before installation in the 

TABLE 21 

Eschscholtzia Caupobnica 
Behavior (per cent open) of iSowers subjected to con- 
stant conditions of 25°, 50% humidity, and light intensi- 
ties of .275 and 40 foot-candles. 


Light 

Conditions 

.275 Foot-candles 

40 Foot-candles 

Time 
9:30 p.m. 

2 




2 




12 mt. 

2 

2 



2 

0 



3:30 a.m. 

2 

2 

5 


2 

0 

5 


5 

2 

2 

5 


2 

8 

6 


6 

2 

2 

8 

4 

2 

17 

14 

2 

7 

8 

5 

14 

10 

2 

19 

S7 

27 

8 

29 

15 

28 

36 

2 

8 

52 

54 

9 

77 

36 

65 

63 

2 

13 

65 

75 

10 

83 

62 

92 

72 

4 

8 

65 

85 

11 

88 

73 

100 

100 

4 

S 

56 

81 

12 m. 

88 

90 

100 

100 

13 

4 

37 

77 

1 p.m. 

85 

62 

81 

63 

13 

1 2 

2 

i 25 

3 

45 

31 

38 

35 

10 

1 0 

0 

13 

4 

38 

18 

22 

25 

8 

^ 0 

0 

13 

5 

22 

14 

9 

1 10 

6 

^ 0 

0 

12 

6 

19 

12 

9 

9 

6 

2 

0 

13 

12 mt. 

19 

2 

9 

9 

6 

2 

0 

13 


experimental chambers, which were maintained at 25° and 50 per cent 
humidity. 

The various series placed in the ecostat at 9:30 p.m., 12 Mt., 
3:30 A.M., and 6 a.m. showed the relations to length of preparation 
periods at the low night temperatures of the field, and periodic move- 
ments similar to those already discussed. There was jlso a distinct 
inhibiting effect of 40 foot-candles light intensity as compared to that 
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of .275 foot-candles. This inhibition of the opening reaction may 
be seen to have affected the amplitude of expansion by the maxima 
which, for the series in the order of starting times, are 88, 90, 100, 
and 100, for .275 foot-candles, and 13, 19, 65, and 85 for 40 foot- 
candles. This shows that 40 foot-candles light intensity reduced the 
iriftYiTna. expansion in all cases, but particularly in the earlier series 
where it was applied during a portion of the preparation period. 



Fig. 24.— Percentage opening of flowers of Eschsckoltzia calif ornica under constant 
conditions of 25® C. and 50 per cent humidity, and different light intensities. 

Frequently it was observed, as shown in Figure 24, that the 
maximum opening was attained earlier at 40 than at .275 foot-candles, 
this condition being indicated in all cases in Table 21 except in 
the 9:30 p.m. series. The rates of opening also show the inhibition 
due to light. For the series in the order given the opening rates are 
6.4, 7.3, 12.7, and 19.2, at .275 foot-candles, and 0.8, 2.7, 9.2, and 
20.8, at 40 foot-candles. This shows that the extent of opening was 
more strongly reduced by the intense light than the time for reaching 
their expansion was hastened. 

Intense light, like high temperatures, is unfavorable for the prep- 
aration for opening of flowers of Eschscholtzia, reducing the extent 
and rate of the ensuing reaction in proportion to the amount of the 
preparation time so lighted; but during opening the movement is 
hastened to the maximum by the more intense radiation. 
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EFFECTS OF HUMIDITY 

Studies on the effects of humidity on the opening and closing 
of Eschscholtzia gave variable results. No stimulation effects were 
found, but at 90 per cent saturation the open period of flowers was 
longer than at 25 per cent. 

TISSUE STUDIES 

When the epidermis was stripped from the petals of Eschscholtzia, 
in the basal region where the most active curvature occurred, there was 
usually an immediate bending toward the uninjured side, followed by 
the withering of the structure. The epidermal layers were evidently 
exerting a tension on the structure, and in the adjustment of the 
opposing tensions of the inner and outer layers movement occurred. 
When the outer epidermis was removed and the petal placed in 
water, or in sucrose solutions of .15, .20, or .25 molar, a closing 
movement resulted, but with decreasing speed and amplitude as the 
concentration was increased. In .30 molar sucrose solution little or 
no movement occurred, and in .40 molar a slight opening resulted. 
Plasmolytic studies were carried out on the epidermis of flowers grow- 
ing in the field, the hourly determinations being made on the opposing 
epidermis stripped from a single petal. 

Figure 26 gives the average differences in the concentration of 
the plasmolyzing solutions and the percentage opening of the flowers, 
positive numbers indicating higher concentration in the outer epi- 
dermis, and negative numbers the reverse relation. 



Fig. 25. — ^Percentage opening of flowers .of Eschscholtzia calijomica, a,nd the differ- 
ence in osmotic concentrations between the cells of the inner and outer 
epidermis in the region of active petal curvature. 





124 


ANTHOEINETICS 


It will be seen that preceding the opening of the flowers the 
concentration of the inner epidermal cells was greater than that of 
the outer, that during opening this difference was equalized, and that 
the concentration of the outer epidermis gradually rose during the 
day above that of the inner, the greatest rise immediately preceding 
floral closure. During the closing reaction the concentrations of the 
epidermis approached, and reached equality as the process was com- 
pleted. Flowers kept in the ecostat showed a similar relation of 
concentration and movement. 

It is evident that floral movements in E.schscholtzia are preceded 
and accompanied by changes in the relative concentration of the cells 
of the opposite epidermis, such that an opening and closing move- 
ment of the petals followed high concentrations in the inner and outer 
epidermal cels. These concentrations fell to equality during the open 
or closed period, decreasing when the flower was open, and rising 
when it was closed. 

SUMMARY 

The flowers of Eschscholtzia are hemeranthous, opening and clos- 
ing daily, but the calyx dropping at the first opening. Field experi- 
ments showed that heating to 25° or 35° causes early opening of 
closed flowers and premature closing of open ones. Shading produced 
no apparent effects other than thermal. Cut flowers behaved normally 
in the field, unless stored at 10° for 24 hours or more, after which 
they opened following exposure to field conditions at any time during 
the daylght period. In the region of most active curvature in the 
petals, a considerable mass of parenchymatous and epidermal tissue is 
concerned in the movement. Heavy cuticularization, with thin areas 
to facilitate curvature, occurs on the inner surface of the petals. Cut 
and potted flowers showed a daily rhythm when kept under constant 
conditions of temperature, light, and humidity, opening in the morn- 
ing and closing in the early afternoon. Cutting during the opening 
process produces a temporary shock, causing a closing reaction. The 
storage of cut flowers at 10°, darkness, and 100 per cent humidity ma- 
terially changes the periodic behavior. The period during which the 
flower is closed may be considered as a preparation period for opening. 
If this is short, or is passed at temperatures of 20° or higher, the ensu- 
ing opening is incomplete and delayed ; if this preparation period is 11 
hours or more, and is passed at 10° to 15° and darkness, immediate 
and complete expansion follows a sudden rise of temperature to 20° 
or 30°. The opening response to a temperature change of constant 
intensity shows a daily periodicity. 

At constant temperature the reaction rates increase with the 
length of the storage period at 10°. Thus, if periodic differences are 
eliminated by considering only flowers cut at the same time (12 m) 
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and changed to 30°, the reaction rates of 3.5, 14, 15, 19, and 50, are 
found at the storage periods of 3, 9, 15, 18, and 26 hours. When all 
the series are considered together, the effects of a complicated double 
variable of periodicity and length of storage are revealed. With 
freshly cut flowers the rates of opening are proportional to the con- 
stant temperature, little or no reaction occurring at 15°. On the 
other hand, low temperatures favor preparation for opening. When 
cut flowers are stored at 10° for a period approximating the length of 
the normal storage, the rate and extent of opening is proportional to 
the temperature; when the storage period is of greater length than 
normal, this temperature difference disappears. Sudden increases in 
temperature stimulate the opening reaction. 

A light intensity of 40 foot-candles inhibits the opening move- 
ment of the flowers, particularly when it is applied during a portion 
of the preparation period, this effect appearing as a reduction in both 
the extent and rate of opening. This intensity hastened the time at 
which the maximum openings were attained. High humidities in- 
creased the length of the open period of the flowers, and decreased 
slightly the extent of expansion. Plasmolysis of the epidermal cells 
in the region of maximum curvature shows that the movement of the 
corolla occurs in the direction of decreasing concentration of the cell 
sap. 

SIMILAR FLOWERS 

The flowers of Papaver dubium in the field behave like those of 
Eschscholtzia, the calyx cap being forced off at the first opening and 
the corolla carrying out two successive cycles before falling. Papaver 
hybridum, P. argemone, and Glaucmm corniculatnm open with a 
similar action, but are ephemeral and collapse after a single day. 
Experimental studies were not made on these species, which seemed 
similar in behavior to Eschscholtzia. 

MENTZELIA LINDLEYI 
FIELD BEHAVIOR 

Buds of Mentzelia lindleyi are produced on short erect peduncles. 
The calyx lobes are slowly pushed apart by the growing corolla, which 
elongates to slightly less than twice the length of the sepals. As 
the bud matures, the sepals become slightly yellowish. With the 
elongation and opening of the corolla the sepals are forced open and 
remain thus, curling partly along the midrib, and finally withering 
before the fruit matures. 

The first opening of the bud occurs during the forenoon, but at 
varying times with different buds which are in an apparently similar 
habitat and exposure. The openings after the first are more uniform 
as to time. During July the opening process begins about 7:30 a.m. 
and requires one and one-half hours for completion. The petals curve 
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back largely from tbe basal region and flatten laterally. The stamens 
bend out, the movement progressing centripetally during the 2 to 4 
days of activity. Opening occurs on 2 to 4 successive days, the 
flowers closing about 7 p.m. The petals then wither in a loosely 
closed condition and drop away (Plate 14). 

Field readings show such great variability that one can safely 
conclude merely that the temperature and light intensity are rising 
and the humidity falling when opening takes place, and that a re- 
verse change is in progress at the closing time. Shading or watering 
immediateley before and during the opening process exerts an evi- 
dent influence. Flowers open at the normal time if cut and kept 
supplied with water in the habitat; old flowers close slowly, but show 
little change in time or rate of opening. 

LABORATOEY EXPERIMENTS 

Studies carried out on Mentzelm lindleyi in the ecostat were 
limited in number. The averages from the results of two experi- 
ments carried out in darkness and under the conditions listed in the 
different columns are given in Table 22. 

TABLE 22 
Mbntzeua Lindleyi 
Behavior (per cent open) of flowers 
at various constant temperatures and 
humidities* 


Temp. °C. 

15 

25 

20 

20 

Humidity % 

40 

40 

25 

75 

Time 





6 a.m. 

0 

0 



7 

0 

0 

0 

0 

8 

0 

21 

15 

13 

9 

2 

43 

27 

30 

10 

5 

80 

60 

58 

11 

18 

100 

94 

83 

12 m 

20 

100 

100 

88 

1 p.m. 

20 

100 

100 

90 

2, . \ 

20 

97 

89 

90 

3 

20 

94 

84 

90 

4 

20 

90 

78 

90 

■ ■ 

12 

83 

67 

75 ' 

6 

7 

70 

50 

61 

7 

0 

50 

30 

41 

8 

0 

10 

12 

11 


Results ill columns 2 and 3 reveal a periodic daily rhythm of 
moyement under various constant conditions of temperature, dark- 
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ness, and 40 per cent humidity. The percentage maximum expan- 
sion was 20 at 15°, and 100 at 25°, with opening rates of 5 and 25 
for these two temperatures. Columns 4 and 5 indicate that at 75 
per cent humidity the degree of expansion was slightly reduced and 
the duration of the maximum increased, in comparison with the 25 
per cent chamber. Thus at 20° and 25 per cent humidity the per- 
centage maximum expansion was 100, lasting 2 hours, and at 20° 
and 75 per cent humidity the maximum was 90 with a duration of 
4 hours. The relation of the flowers to light was uncertain. Two 
experiments showed no constant relation between movement and 
light intensities of 40 and .275 foot-candles, since opening and clos- 
ing occurred in light and darkness at equal rates. 

SUMMARY 

The flowers of Mentzelia lindleyi are hemeranthous, expanding 
on several successive days. They have a daily rhythm, but the rate 
and amplitude of expansion vary with the temperature. The flowers 
exhibit no definite relation to the light intensities used, but show 
slightly greater expansion in low humidities and a longer open pe- 
riod in high. 

ROSA ACICULARIS 

Rosa acicularis occurs abundantly on the moist north slopes in 
the vicinity of the Alpine Laboratory at 8300 feet elevation, where 
the flowers open in the early morning and close in the late afternoon. 
The tips of the sepals and the corolla carry out the movements, 
opening in the early morning and closing in the late afternoon on 
2 to 4 successive days. As the flowers age, closure may be imper- 
fect or entirely prevented. 

LABORATORY EXPERIMENTS 

The behavior of the flowers of Rosa acicularis at various con- 
stant conditions of temperature, darkness, and 35 per cent humidity 
is given in Table 23. Since these experiments were carried out at 
this low humidity (35 per cent), this factor was limiting at the 
higher temperatures and resulted in the wilting of the flowers, ren- 
dering them unsuitable for further readings. All material was cut 
in the field immediately before the beginning of the experiment in 
which it was used. 

Flowers cut at midnight and kept at 30°, 20°, and 10° showed a 
periodic opening in the early morning, the experimental conditions 
of the ch9,mbers in no ease producing an opening reaction in the 
afternoon. The importance of the preparation period and its rela- 
tion to temperature was similar to that already discussed for other 
species. Thus at 30°, full expansion occurred in every case, but 
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the opening rates from the first movement to maximum opening 
varied from 20 to 33 and 32, the low value having been obtained 
from the series with a portion of the preparation period at 30°. 
Similarly at 20°, the 7 p.m. series, with the preparation period 
at this temperature, showed an opening rate of 7.3, while for the series 
left in the field during this period the rates were 33 and 30. At 10°, 

TABLE 23 

Rosa Acicul.4Ris 

Behaxdor (per cent open) of flowers subjected to various 
constant' conditions of temperature, darkness, and 35% 
humidity, after different preparation periods. 
tv, flower wilted and readings abandoned. 


Temp. °C. 

10 

10 

10 

20 

20 

20 

30 

SO 

30 

Time 










7 p.m. 

0 



0 



0 



8 

0 



0 



0 



9 

0 



0 



0 



10 

0 



0 



0 



11 

0 



0 



28 



12 mt. 

0 

0 


0 

0 


55 

0 


1 a.m. 

0 

0 


8 

40 


85 

50 


2 

0 

0 


15 

90 


90 

80 


3 

0 

0 


25 

100 


100 

100 


4 

0 

0 


25 

100 


100 

100 


5 

0 

0 


25 

100 


100 

100 


6' ■■ 1 

0 

10 

0 

30 

100 

0 

to 

100 

0 

7 

0 

15 

0 

40 

w : 

50 


to 

60 

8 

0 

18 

0 

40 


75 



80 

9 

35 

18 

15 

40 


90 1 



95 

10 

45 

18 

55 

40 


90 



95 

11 

45 

20 

12 

55 


90 



95 

12 m. 

45 

24 

15 

68 


90 



95 

1 p.m. 

45 

27 

15 

95 


90 



95 

2 

40 

27 

15 

95 


90 



95 

3 

35 

12 

15 

95 


90 



95 

4 

21 

6 

12 

95 


90 



95 

5 

12 

0 

5 

95 


90 



95 

6 

5 

0 

0 

95 


90 



95 

7 

0 

0 

0 

95 


90 



95 


preparation for opening continued normally as was shown by the 

Opening rates, the 7 p.m. series giving a rate of 23, as against 3.4 
and 4 in the later series where a portion of the period was spent 
in the field at temperatures averaging above 10°. 

A comparison of the series started at the same time— that is, 
with a smilar preparation period— shows a temperature effect on 
the opening process. Thus at 30°, 20°, and 10° the maxima were 
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100, 95, and 45 in the 7 p.m. series; 100, 100, and 27 in the 12 Mt. 
series; and 95, 90, and 15 in the 6 a.m. series. The rates of open- 
ing were complicated by the temperature effects on the preparation 
period, and by the fact that low temperatures delayed the opening 
as well as reduced the degree. When preparation was completed in 
the field (12 midnight and 6 a.m. series), there was little difference 
at 30° and 20°, the values being about 30 for all series; but at 10° 
a considerable reduction was shown. When the preparation period 
took place in the chambers, 10° gave the highest values, as discussed 
in the preceding paragraph, and 20° the lowest. Apparently 20° 
and 30° were equally unfavorable for preparation, but the higher 
temperature furnished the stronger opening stimulus and thus more 
nearly compensated for this. 

TISSUE STUDIES 

In the region of most active movement both in sepals and petals 
of Rosa adcularis there is a considerable mass of parenchyma which 
doubtless acts with the epidermis in producing the curvature of the 
organ. Plasmolyzing solutions of sucrose showed that in the open 
flower the inner and outer epidermal layers were of equal concen- 
tration, but below that found in the unopened bud, the respective 
values being .6 m and .9 M. Immediately before opening at 5 a.m. 
the values of the bud had fallen to .7 m for the outer epidermis and 
.75 M for the inner. A preliminary study of the epidermis of the 
calyx showed that during the open period the concentrations were 
.6 M for the outer surface and .7 m for the inner. 

As in the species previously discussed, the flowers of Rosa 
adcularis exhibit a differential concentration of the cell sap of the 
epidermis on the two surfaces, with movement in the direction of 
decreasing concentration. 

TRIBULUS TERRESTRIS 

Tribulus terrestris is an interesting hemeranthous form, because 
the flower movements are similar to those occurring in the old flowers 
of some other species. The buds, enclosed in the pubescent green 
calyx, are produced on short peduncles beneath the prostrate stems. 
As the time of opening is approached, the bud is carried into an up- 
right position and the grooved stigma extruded. The flowers open 
about 9 A.M., the petals apparently forcing back the calyx and ex- 
posing the anthers clustered below the stigma. In closing dur- 
ing the early afternoon, the petals roll individually along the midrib 
and close together in this form, the sepals making but little movement. 
At the second opening the stamens spread and the anthers open and 
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the petals are then usually shed, the carpotropic movements placing 
the developing ovary beneath the stem again. 

SbiGG Tribulus occurs in dry exposed situations, and the usual 
closure is like that of old flowers of forms like Eschscholtzia in which 
the water content has reached a low level, it seems that the rapid 
desiccation of the flowers of Tribuhts may account for their similar 
behavior. Flowers were enclosed in vials with the walls moistened 
to test this assumption. Although the temperature in the vials 
was several degrees higher than that in the surrounding air, the desic- 
cation rate was greatly reduced by the increased humidity and the 
prevention of air currents, and flowers thus enclosed in the field did 
not show the longitudinal rolling of the petals characteristic of the 
neighboring unprotected ones. Usually the flowers in the field did 
not show rolling when rains were frequent or the soil moist. Buds 
opened at the usual time in the ecostat chambers under constant 
conditions of 20° and 30°, 25 per cent humidity, and darkness or 40 
foot-candles light intensity. Rolling did not occur, the flowers either 
remaining open until withering, or closing without rolling. The indi- 
vidual rolling of the petals seems to be the result of a severe desic- 
cation of the tissues, which frequently occurs in Tribulus because of 
the nature of the habitat, but happens only in old flowers of plants 
growing under more favorable conditions. Plate 15 shows the typical 
stages in the floral life history of Tribulus. 
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THE GENTIANS, AND OTHER EPHEMERAL 
HEMERANTHOUS FLOWERS 
GENTIANS 
FIELD BEHAVIOR 

Gentiana calycosa, G. amarella, and G. jrigida, the three species 
of gentians studied, occur commonly in the mountains at Colorado 
Springs, G. amarella at altitudes of 7000-10,000 feet, G. calycosa at 
9000, and G. jrigida &i 11,000. The flowering season is frona August 
until frost, beginning earliest for G. amarella and latest for t?, frigida. 
These hemeranthous flowers open from 7 to 8 a.m. The tips of 
the corolla lobes expand and are gradually reflexed to an angle of 
30° to 60°, the filaments spreading during the process. Closure be- 
gins at sundown and requires an hour for completion. The calyx 
shows no activity, but the movements of the corolla are repeated on 
4 to 6 successive days. Plates 16 and 17 show the opening of the 
flowers of (?. amarella, and G. frigida. 

Temperature readings made in the field in close proximity to 
the flowers showed that opening began in the morning at 20°, 18°, 
and 8°, for the flowers of G. amarella, G. calycosa, and G. frigida, 
while the average temperature for closure of the species in the order 
given was 16°, 12°, and 6.5°. Observations showed that at times 
the temperatme at opening was no higher than that at closing. 
Autumn storms occasionally produced a sharp fall in temperature 
which resulted in the closing of the flowers if it occurred at noon or 
after and was not too severe. After storms which reduced the tem- 
perature to 6° or lower, the flowers remained open throughout the 
night but resumed normal movement the following day. Cut flowers 
exposed in the field behaved similarly to uncut ones throughout a 
period of several days. 

Uncut flowers in the field when enclosed in a bell jar heated to 
20° opened somewhat earlier than adjacent ones in the atmosphere at 
12° to 14°. Early closing could also be induced by cooling the beU 
jar 2° to 4° below the temperature of the surrounding air in the 
late afternoon; but flowers could not be kept closed during the fore- 
noon by covering with a beU jar cooled to 12° to 14°, or reopened 
by heating to 20° immediately after closure. 
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GENTIANA AMARELLA 
LABORATORY EXPERIMENTS 

Experiments were made to test the behavior of the flowers of 
Oentiana amarella under constant conditions of 10°, 20°, and 30°, 
at 50 per cent relative humidity, and darkness. All material was 
freshly cut in the field and placed immediately in the experimental 
chambers. Three series were studied. In the first, the flowers were 
placed in the eeostat chambers at 6 a.m. when opening was under 
way, some flowers being still closed and others open; the second was 
started at noon when all flowers were fully expanded; and the third 
at 3 p.M. when the usual open period was drawing to a close. 

At a constant temperature of 10°, flowers in the process of open- 
ing at 6 A.M. remained in the condition in which they were installed 
in the chambers, and on the second day carried out their usual daily 
opening and closing reaction. Fully open flowers placed in the 10° 
chamber at 12 noon and at 3 p.m. closed at once, the process re- 
quiring about one hour. At 20°, flowers cut at 6 a.m. in the open 
condition carried out the usual daily cycle of movement, closing at 
6 P.M.; but if the opening movement had only begun, the flowers 
expanded to about 60 per cent in three hours and closed at the usual 
time of those in the field. The open flowers placed in the 20° cham- 
ber at noon remained open until 8 p.m. and then closed incom- 
pletely, while those brought from the field at 3 p.m. remained open 
until 8 to 9 P.M. and then closed partly. Flowers in process of 
opening at 6 a.m. when placed in the 30° chamber, completed the 
process and then closed at 6 to 8 p.m. When cut at noon or at 
3 P.M. all flowers in the 30° chamber remained open until 6 to 8 
P.M. when closing occurred. Flowers kept in the 10° and 20° 
chambers carried out their usual cycle of movement on the second 
day, but at 30° all remained closed. 

Changes in temperature between 10°, 20°, and 30° were made 
at different times during the day, but since the two higher tempera- 
tures gave results which differed chiefly in degree, only those result- 
ing from changes between 10° and 30° will be detailed here. To 
test^ the opening response at various times before the usual daily 
closing period, flowers cut at 6 a.m. were changed from 10° to 30° 
at 2, 4, and 6 p.m.; and flowers cut at noon and at 3 p.m. were 
subjected to a similar change in temperature. At 2 p.m. the flowers 
of the 6 A.M. series, which had been partly open in the field and then 
held in the 10° chamber, opened at once; those in the noon series, 
which had been closed by exposure to 10°, opened 10 per cent; and 
those in the 3 p.m. series failed to react. When the temperature change 
was made at 4 p.m. no response occurred. Changes from 30° to 10° 
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were made at 10 a.m. and 3 p.m. The flowers in the 6 a.m. series, 
which had been opened in the 30° chamber, when placed in the 10° 
chamber at 10 a.m. remained open until 2 p.m., after which closure 
occurred. When a similar transfer was made at 3 p.m., closure 
began at once but required 3 hours for completion. Mowers of the 
noon series, when transferred at 3 p.m., exhibited movements entirely 
similar to those shown by the 6 a.m. series, closing in 3 hours. The 
flowers in all series closed within one hour when transferred from 
30° to 10° at 6 P.M. 

It is evident from these results that the flowers of Gentiana 
amarella show a periodic closing at 6 to 8 p.m. under constant condi- 
tions of 20° and 30°, and that this periodicity is checked at 10° 
constant temperature. This daily periodic movement occurs on the sec- 
ond day under constant conditions, but only at the lower temperature, 
not being evident at 30°. Flowers in the process of opening, when 
changed from 10° to 30° responded by immediate opening; but 
closed flowers subjected to the same change in temperature 
opened only in the forenoon when the direction of the periodic ten- 
dency and that of the stimulus agreed. Similarly, a sudden change 
of temperature from 30° to 10° caused the closing of open flowers 
only in the afternoon when the periodic and stimulus directions 
were the same. The time from the transfer to the 10° chamber to the 
completion of the closing reaction decreased as the time of normal 
closing approached. Irrespective of the periodic behavior, a direct 
relation between the maximum degree of expansion and the tem- 
perature level was apparent, the flowers remaining closed at 10° and 
opening to greatest extent at 30°. A similar relation between the 
temperature and the closing rate was evidenced. 

Subjecting flowers of this species to constant temperatures and 
to alternating temperatures brings out the fact that a temperature 
alternation, at least, is necessary to effect complete movement reac- 
tions when that temperature is approximately the mean of those in 
the field. Thus at 20° constant there is positive evidence of periodic 
movement, but an incomplete reaction. How far the alternation of 
other factors may contribute to the completeness of reaction was not 
determined, but it can safely be concluded from studies on other 
species that temperature alternation is most important. 

Apparently 10° C. is below the optimum for movement of 
flowers of this species. However, it is significant that the 
normal daily cycle of movement occurs during the second 24-hour 
period at this temperature. As in the “hardening process” in plants, 
it may be concluded that some protoplasmic adjustment occurs after 
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a long period of exposure. It is important to note in this case that 
periodicity is not destroyed. 

Since in this species the greatest movement does not take 
place at the insertion of the corolla but well up this structure 
at the base of the lobes, epidermis from this region was examined. 
The cells here are cuticularized and rounded up into short papillae. 
Plasmolytic studies showed that the concentration of the epidermal 
cells both on the inner and outer surfaces increased toward the tips 
of the petals. For this reason it was difficult to make comparable 
determinations on opposing cells, and the results showed considerable 
variability. Although a distinct daily cycle was evident, the con- 
centrations being low in the morning and increasing during the after- 
noon, the relation to floral movement was not established. 

GENTIANA CALYCOSA 
LABORATOEY EXPERIMENTS 

Fifty flowers of Gentiana calycosa were used in three series of 
experiments to determine the relation of floral movements to tem- 
perature, and the periodicity relations at various temperature levels 
from 10° to 30°. The average percentage opening is shown in Fig- 
ure 26. At 20° the flowers opened immediately when placed in the 
ecostat chambers at 8 p.m., and showed no further movement until 
10 o’clock the following morning when a slow closing occurred. In 
contrast to this behavior the flowers kept at 10° and 30° showed 
nothing but the initial movements. At 10° there was an immediate 
completion of the closing process already under way in the field when 
the flowers were cut, and no further opening during the course of the 
experiment. At 30° the flowers opened rapidly, the rate being 85, and 
remained open throughout the period of the experiment. Thirty 
degrees seemed close to the maximxun for G. calycosa, for in two 
cases the flowers when only partly expanded closed quickly and 
permanently. 

Two series of flowers were alternately shifted at hourly intervals 
between the 10° and 30° chambers, so that one set was being sub- 
jected to 10° while the reciprocal set was held at 30°. The resulting 
movements agreed throughout the experiment, all flowers responding 
by an opening movement when placed in the 30° chamber, and by 
a closing reaction in the 10°. A portion of a single curve is given in 
Figure 26, the reciprocals and second series agreeing closely with the 
behavior here shown. 

The opening and closing responses were of equal intensity from 
the beginning of the experiment until 8 a.m., after which the degree 
of opening gradually decreased. The experiment was prolonged to 36 
hours, 10 hours beyond the extent shown in the graph, and showed 
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this characteristic to the end, the percentage maximum expansion de- 
creasing to 50. Since this decrease was not altered during the two 
morning periods over which this experiment extended, it is evident 
that the effect was not due to periodicity but rather to a failure of 



Fig. 26. — Percentage opening of flowers of Gentiana calycosa under constant con- 
ditions of darkness and 50 per cent humidity, at different temperature 
levels, and when alternated between 10® and 30® C. 


the flowers to reach maximum expansion in the time interval given. 
When removed from the experimental chambers and placed in the 
field the flowers opened fully. The decreasing amplitude of move- 
ment in the experimental chambers evidently resulted from the in- 
completeness of the reaction in the time allowed between the tempera- 
ture changes. Under these conditions the reaction rate in response 
to temperature changes between 10° and 30° showed no daily perio- 
dicity but a gradual decline with the duration of the experiment. It 
can easily be assumed that this behavior is of the nature of a fatigue 
reaction. If this be true it further emphasizes the assumption that 
the time interval between movements was too short. 

Opening rates computed from results of observations on all 
plants changed between 10° and 30°, and averaged in 4-hour periods 
to reduce variation in the different series, show the following average 
hourly opening rates for the periods between the times given: 


Temp. ®C. 

10-30 

10-20 

Time Periods 



8 p.m. to 12:30 a.ro. 

87 

76 

12:30 a.m. to 4:30 a.m. 

89 

79 

4:30 a.m. to 8:30 a.m. 

89 

78 

8:30 a.m. to 12:30 p.m. 

85 

76 

12:30 p.m. to 4:30 p.m. 

73 

66 

4:30 p.m. to 8:30 p.m. 

73 

58 

8:30 p.m. to 12:30 a.m, 

55 

1 62 

12:30 a.m, to 4:30 a.m. 

50 

52" 
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This shows no evidence of daily periodicity, the rates decreasing 
during the course of the experiment irrespective of the time of day. 
A series begun at 8 a.m:. gave results similar to these, as did also a 
midnight series in which potted plants were used. The flowers 
showed no daily periodicity, although an autonomic closure occurred 
at the 20° level. 

EFFECTS OF TEMPBEATURE 

Figure 26 shows that constant temperatures of 20° and 30° re- 
sulted in the complete opening of the flowers of G. calycosa and that 
10° produced complete closure. Between 10° and 20° the extent of 
opening may be proportional to the temperature but this was not 
tested. Between 20° and 30° no difference in temperature-degree 
opening is apparent. 

The behavior of flowers of G. calycosa therefore seems to indicate 
that the cardinal temperatures for movement are as follows; 10° 
lies below the minimum for stimulus to open, the minimum lies be- 
tween 10° and 20°, the optimum between 20° and 30°, and the 
maximum above 30°. This is also borne out in the experiments 
described below. 

Sudden changes in temperature between 10° and 30° resulted 
in immediate opening, the degree varying with the length of the 
period in the experimental chambers. Similar reactions followed 
changes between 10° and 20°, but the extent of the opening and 
the rate of reaction was slightly less than that following a change to 
the higher temperature. The average percentage maximum opening 
of flowers changed from 10° to 20° was 90, and from 10° to 30° was 
98, considering only the first six hours of the experiment before any 
progressive decrease in the opening was apparent. The opening 
rates just given show that values following changes from 10° to 20° 
were but slightly lower than those following changes from 10° to 30°. 

A temperature change from 10° to either 20° or 30° initiated a 
floral opening to nearly the same degree, as measured by the rate of 
reaction. The reaction rates in both series. follow much the same 
curve of decrease in the progress of the experiment. AU flowers 
which were transferred between 20° and 30° agreed in showing little 
or no closure, the expansion curve being practically a straight line 
at 100 per cent open. For the first ten hours of the experiment there 
was usually a slight closure following a change from 30° to 20°, but 
after this initial period all flowers remained fully expanded. If the 
rates of opening are considered for the initial period of the experi- 
ments, they are 78 and 8 for the series changed from 10° to 20° and 
from 20° to 30°, respectively. As measured by the rate of opening, a 
temperature change of 10 degrees is nearly ten times more effective 
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from 10° to 20° than from 20° to 30°. This coefficient is high and 
indicates that the resultant of forces at play in floral movement is 
more rapidly displaced than in most plant reactions. 

TISSUE STUDIES 

Plasmolytic studies on Gentiana calycosa were made on the cells 
of the epidermis in the region of maximum curvature at the base 
of the corolla lobes. The pigmented and unpigmented cells in this 
area showed considerable difference in osmotic pressure. Examina- 
tions at 4 A.M., 1 P.M., and 8 p.m. gave the following average re- 
sults, based on study of the pigmented cells, and expressed as per- 
centage molarity concentration of sucrose solution. 


Epidermis 

Outer 

Inner 

Time 



4 a.m. 

0.65 

0.60 

1 p.m. 

0.60 

0.50 

8 p.m. 

0.60 

0.60 


These results are not conclusive, but seem to show that the 
variation in concentration in the epidermal cells is but slight, and 
that these variations do not correlate with the floral movement ex- 
cept in so far as the fall in concentration during the open and opening 
periods may indicate a hydration phenomenon. G. calycosa is one 
of the few species studied by the authors wherein there is only the 
slightest evidence of periodicity. It varies markedly from G. amarella 
in this respect, but is similar to G. frigida. 

GENTIANA FRIGIDA 

In the field the flowers of G. frigida are frequently subjected to 
low temperature and to sudden and extreme changes. The flowers 
open and close frequently during their active life, but often close im- 
perfectly, and occasionally remain open throughout the night. Plate 17. 

LABORATORY EXPERIMENTS 

Material for the laboratory studies was obtained from the alpine 
meadows at an elevation of 12,500 feet and brought in large pieces of 
soil to the laboratory, with as little disturbance as possible to the 
plants. They were placed in an open north 'exposure where the tem- 
perature was 4°, and the flowers were removed at the beginning of 
the experiments. 
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under constant temperature conditions at 
midnight, 6 A.M., and 6 p.m. Closure could be maintained by tem- 
peratures of 5° or less, the flowers opening at any temperature from 
10° to 30°. At 10°, closed flowers opened in 5 hours, giving an open- 
ing rate of 20; at 20° the opening required 3 hours, with an opening 
rate of 33; and at 30° opening took place in one to one and one-half 
hours, the average opening rate being 75. No periodicity was shown 
under constant conditions. 

Opening could be induced at any time of the day by the trans- 
ference of the closed flowers from 6° to 10°, 15°, 20°, 25° or 30°. 
Sudden changes in temperautre between 10°, 20°, and 30° were made 
in two series of experiments, one started at 12 midnight, the other at 
12 noon. The flowers opened and closed in varying degrees to tem- 
perature changes between 10° and either 20° or 30°. Since these 
changes were made at short intervals, complete opening or closing 
did not result, but in every case the movement initiated by the ensuing 
change began with little or no delay. That is, if during the course 
of an opening or closing movement the temperature stimulus was 
changed, movement in the opposite direction occurred immediately. 
A typical curve is shown in Figure 27. 



Fio. 27. ^Beha'vdor of flowers of Gentiana frigida at 10° and 20° 0., and when alter- 
nated between these temperatures. 

Changes between the 10° and 20° chambers were at first made 
at intervals of two hours, and from 10 a.m. to 2 p.m. at half-hour 
periods. It is evident that neither the time of day nor the stage of 
movement altered the response to the temperature change, the flowers 
showing a closing reaction when placed in the 10° chamber and an 
opening response when transferred to the 20° chamber at any time 
during the day or at any point in the course of the opposite move- 
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ment. The flowers of G. frigida, like those of O. calycosa, do not show 
a daily periodicity of movement. 

Under constant conditions of temperature, humidity, and light, 
the flowers of (?. frigida opened and remained open, but the rate of 
opening varied with the temperature. The degree of expansion did 
not correspond with the temperature level at which the flowers were 
maintained. When temperatures were suddenly changed, opening 
was initiated by a rise from 10°, and closing by a fall to this tempera- 
ture. The magnitude of the response did not differ with the intensity 
of the stimulus, but was the same after a change from 10° to 20°, and 
from 10° to 30°. The flowers remained expanded when changed at 
hourly intervals between 20° and 30°, but when similarly rapid 
changes were made from 10° to 20° and 30° the flowers responded with 
decreasing amplitude. The opening rates in series changed at hourly 
intervals between 10° and 20° decreased from 49 at the beginning 
of the series to 13 after 24 hours. Comparable values for the 10° 
to 30° series were 60 and 16, and for the 20° to 30° series 10 and 0. 
In consequence, it is evident that this does not show a fatigue curve 
but an interruption in the reaction under way at the time of the tem- 
perature stimulus which reversed the reaction before its completion. 
Since this reversal occurred earlier in the course of the reaction pro- 
portional to the duration of the experiment, as is shown by the de- 
creasing opening rate, there must have been a summation of the 
factors inhibiting floral movement and these factors must have per- 
sisted from one reaction to the next. It may be that in the flowers of 
G. frigida there is an irritability phenomenon for which the sudden 
temperature change is the stimulus. Thus a rise from 5° to 10° 
opened the flower, but a fall from 20° to 10° closed it. , 

The results of plasmolytic studies seem to agree with this con- 
clusion, for the cells of the outer epidermis were uniformly more con- 
centrated than those of the inner. The concentration throughout the 
tissues of the petals, as well as the difference between the inner and 
outer layers, was greatest in the closed bud and least in the open 
flower. 

LINUM EUBRUM 
FIELD BEHAVIOE 

The mature buds of Linum rubrum open from 6 to 7 a.m. by 
unrolling the corolla cone which at this time projects 6 mm. or more 
beyond the tips of the calyx lobes. During the opening process, which 
requires about 2 hours, the calyx is forced apart and the petals spread, 
exposing the anthers and stigma. If at this time the calyx is arti- 
ficially opened, the petals expand at once, their opening largely 
dependent on the force of the expanding corolla. The corolla 
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closes from 12 m. to 4 p.m., depending on weather conditions, and 
commonly in July and August withers during the night and follow- 
ing morning, dropping by 10 a.m. without reopening. Thus the 
flowers at this season are ephemeral. During May and June, when 
the weather conditions are less severely desiccating, the flowers open 
on 2, 3, or even 4 successive days. The flowers are thus hemeran- 
thous during the cooler seasons, but ephemeral hemeranthous dur- 
ing the warmer months. Cut flowers exposed in the field behaved 
like those which were undisturbed, Plate 18 shows the floral life 
history. 

LABORATORY EXPERIMENTS 

Table 24 gives a summary of the behavior of the flowers under 
constant conditions of 50 per cent relative humidity, darkness, and 
temperature levels of 10°, 20°, and 30°. 

TABLE 24 
Linvm Rubrum 

Behavior of flowers subjected to constant conditions of 50% rela- 
tive humidity, darkness, and temperature levels of 10°, 20°, and 30°C. 


Time 

Temp. 

°C. 

Percentage 
Max. Expansion 

Time of 

Max. Expansion 

Hours 

Latent 

Opening 

Bate 

7 p.m. 

10 

20 

10 a.m. 

8 

3 

12 mt. 

10 

33 

9 

3 

5 

6 a.m. 

10 

40 

10 

2 

20 

7 p.m. 

20 

63 

10 

6 1 

7 

12 mt. 

20 

60 

10 

3 

9 

6 a.m. 

20 

90 

8 

0 

45 

7 p.m. 

30 

65 

8 

10 

22 

12 mt. 

30 

85 

8 

0 

15 

6 a.m. 

30 

95 

8 

0 

48 


It is evident that the flowers of Linum rubrum showed a well 
marked daily periodicity. Thus, at aU temperatures tested, the latent 
period decreased with the approach of the morning opening period. 
The combined averages for the three experimental temperatures for 
the different periods give a latent period, expressed in hours, of 8, 2, 
and 1, for 7 p.m., 12 midnight, and 6 a.m. The nearer the time of 
starting the series to that of the normal daily openmg period, the 
more quickly the reaction followed. That is, the preparation for 
opening is favored by field conditions and connection with the plant, 
as compared to any of the constant temperatures tried. 

Table 24 shows the responses of the flowers of Linum rubrum 
to the different temperature levels. Thus in the 7 p.m series the 
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percentage maximum expansions are 20, 63, and 65, and the open- 
ing rates 3, 7, and 22, for 10°, 20°, and 30° respectively. In the same 
order of temperatures the midnight series shows the maximum ex- 
pansions 33, 60, and 85, and the opening rates 5, 9, and 15. For the 
6 A.M. series the comparable values are 40, 90, and 95, and 20, 45, 
and 48. It is evident that, in the temperature range tested, the am- 
plitude and consequently the rate of opening varied directly with the 
temperature, but that the time of opening was largely controlled by 
internal factors. In experiments not detailed here it was found that 
a sudden temperature change from 20° to either 15° or 30° at 6 
A.M. constituted a stimulus for opening, the change resulting in 
the expansion of the flower to a degree dependent on the tempera- 
ture level at which it had been maintained. The closing rates, though 
variable, did not show a positive correlation with temperatures be- 
tween 10° and 30°. 

The percentage water content of the open flowers was 81.5 in 
the green weight, and 79.1 in the partly collapsed flowers. Plas- 
molytic studies were complicated by the fact that the pigmented cells 
differ in concentration from those which are pigment free. In general 
the highest concentrations occurred in the unopened bud where values 
averaged .45 and .30 molar for the plasmolyzing sucrose solu- 
tions in the inner and outer epidermis respectively. In the fully 
open flower these values had fallen to about one-half, although they 
still maintained the same relation to each other. In the collapsing 
flower the osmotic values had further decreased, with the inner epi- 
dermis still showing a slightly higher osmotic pressure than the outer. 
It appears that if the osmotic pressure of the epidermal cells is effec- 
tive in floral movement in Linum rubrum, it could function only in 
the opening, and is not directly concerned in the changes that follow. 

SIMILAR FLOWERS 

In the field the flowers of Calochortus gunnisoiii and Agro- 
stemma githago open on three or more successive days before becom- 
ing inactive. Studies on these flowers showed periodicity and temper- 
ature relations similar to those of Linum. In both flowers a change 
in temperature from 10° to either 20° or 30° produced an opening 
reaction only if made when periodicity favored the opening move- 
ments. 

The flowers of Godetia grandiftora show a daily opening and 
closing movement, the calyx remaining inactive in the open condi- 
tion. During the early summer season the flowers open at 8:30 a.m. 
and close at 6 p.m., the movements requiring one and one-half 
hours and being repeated on 4 to 6 successive days. Late in the sum- 



142 


ANTHOKINETICS 


mer this period of floral activity is shortened so that at times the 
flowers remain open but a single day before collapse. As in the case 
oi Linum ruhrum, the flowers are ephemeral or hemeranthous, de- 
pending on the desiccating conditions of the habitat in which they 
occur. By the plasmolytic method it was determined that the epi- 
dermal cells showing the highest concentration occur in the bud in 
which there is also the greatest difference between the inner and 
outer surfaces of the petals, the values obtained being respectively 
.55 and .35 molar. As the flower opened, the concentration of the 
outer epidermis rose to the level of that of the inner. 

PORTULACA GRANDIFLORA 

The flowers of Portulaca grandifiora, like those just discussed, 
may be either hemeranthous or ephemeral, opening on two or more 
successive days or collapsing after a single expansion period. The 
flowers, which open by 10 a.m. and close at 6 p.m., are enclosed by 
two calyx lobes which are inactive and forced apart by the expand- 
ing corolla. 

Under constant conditions of darkness, 50 per cent relative hu- 
midity, and temperature levels of 10°, 15°, 20°, and 30°, the flowers 
showed a periodic opening, except at 10° where they remained in- 
active. Thus, when placed in the ecostat at 12 midnight, the flowers 
remained closed at 10°, opened at 7 a.m. at 20°, and at 6 a.m. at 
30°. When cut at 5:30 a.m. no movement took place at 10°, but 
opening resulted from 6 to 7 a.m. at both 15° and 30°. The per- 
centage degree of opening varied with the temperature, being 0, 60, 
and 75, for 10°, 20°, and 30° respectively. Sudden increases in 
temperature resulted in opening movements only when the daily 
periodicity agreed in direction. When flowers in the process of 
opening were changed from 20° to 10° at 8 a.m. the movement was 
stopped but no closure could be observed. Similarly a change from 
10° to either 20° or 30° at midnight did not result in an opening 
movement until 6 to 7 a.m., when opening occurred in the checks 
which were held at a constant temperature like that to which the 
change was made. 

OTHER EPHEMERAL HEMERANTHOUS FLOWERS 

Hemeranthous flowers, which in the habitat conditions of Colo- 
rado are commonly ephemeral, may last two or three days if the 
weather conditions are very favorable for reducing the desiccation 
rate. The flowers discussed under this heading are ephemeral 
throughout the flowering season except during cool foggy weather, 
differing in degree from such flowers as those of Linum ruhrum or 
Portulaca. 
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In field behavior these flowers agree in opening in the morning 
and collapsing during the day. The flowers of Malva rotundifolia and 
Abutilon theophrasti open from 7 to 10 a.m. and close from 5 to 6 
P.M., often remaining closed throughout cold days. Anagallis grandi- 
flora, A. arvensis and A. coerulea open at 8 a.m., the first two clos- 
ing from 2 to 3 p.m., and the third an hour later. Oilia dend- 
fiora, which opens as early as 7 a.m;. and does not close until 4 to 5 
P.M., may be taken as an example of the group. Tollowing the 
elongation of the corolla cone the petals curve out and unroll, the 
calyx taking no essential part in the movement. Closure may or may 
not be accompanied by partial coUapse. 

In laboratory experiments under constant conditions the flowers 
showed a periodic opening in the morning at 16°, 20°, and 30°, but 
remained closed at 10°. With a relative humidity of 25 per cent the 
maximum opening occurred at 20°, partial collapse intervening be- 
fore the opening process was complete at 30°. Closure occurred in 
the late afternoon, unless the collapse of the petals had resulted pre- 
viously. Plasmolytic studies of the epidermal cells showed a low 
osmotic concentration which was uniformly higher on the inside of 
the petals during the opening and open condition. 

Erodium cicutarium is a somewhat more ephemeral type of flower 
than those just discussed. The stigma is frequently exerted a day 
before the opening, which occurs from 4 to 5 a.m. and requires about 
thirty minutes. The calyx is reflexed and the petals spread, finally 
assuming an angle of more than 180 degrees. By 1 p.m. both calyx 
and corolla close, and the petals are shed during that day or the 
following. 

HIBISCUS TRIONUM 
FIELD BEHAVIOR 

The flowers of Hibiscus trionum show a remarkable ephemer- 
ality, opening before 6 a.m. and closing from 10 a.m. to 12 m. 
The floral behavior is shown in Plate 19. During the night and very 
early morning the elongation of the corolla cone forces apart the 
corolla lobes and projects beyond their tips. The unrolling of the 
petals begins by 5 a.m. and the flower is completely open within 1 
hour, the petals elongating considerably during the process. Flowers 
remain open 3 to 6 hours, depending on weather conditions, and 
close by the rolling together of the somewhat flaccid petals. The 
drying remains of the corolla are held for several days by the closed 
calyx before dropping free. After the floral opening the calyx re- 
mains closed until forced apart by the enlarging fruit. When the 
desiccating conditions are severe the flowers remain open but a short 
time before closing permanently, while on cool days the open period 
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frequently extends well into the afternoon. Temperature readings 
in the field showed that flowers open with a rise in temperature from 
12° to 13.5°, and close at 25°. 

LABOEATOEY EXPERIMENTS 

Mowers of if ihiscws trionum for experiment in the ecostat cham- 
bers were selected during the night preceding the opening, as only 
after the corolla had begun to elongate was it possible to choose with 
surety buds which would open normally the next morning. The buds 
were cut in the field and immediately placed in the experimental 
chambers, or were stored under constant conditions and later trans- 
ferred to the chambers. Buds cut during the night and left supplied 
with water in the field opened at the approximate time of those re- 
maining attached to the plant, only if the cutting were done at 12 
midnight or after. Buds cut before this time behaved erratically 
and frequently remained closed, indicating in this case a relation to 
the mother plant. 

PERIODICITY 

The necessity for attachment of the buds of Hibiscus trionum 
to the plant until 5 to 6 hours before the opening period, made obser- 
vations under constant conditions unsatisfactory. Flowers were cut 
and placed in the experimental chambers at 10 p.m., 12 midnight, 
and 2, 4, and 6 a.m. Temperatures of 10°, 15°, 20°, 25°, and 30° 
were employed, with a relatxve humidity of 50 per cent, and light 
values from darkness to 40 foot-candles. In every case it was obvious 
that the temperature change to the experimental chambers acted as 
a stimulus for opening. If an opening reaction did not result on 
installation of the flower in the chambers, it did not follow later under 
constant conditions. The maximum expansion was attained in the 
five series from 10 p.m. to 6 A.M., 1.5, 2, 2,6, 2.1, and 1.7 hours 
after the flowers were placed in the ecostat chambers. Buds placed 
in the chambers at 10 p.m. remained permanently closed, except in 
the 30° chamber where a slight opening movement occurred followed 
at once by closure. Changes between 10° — the approximate tem- 
perature in the field during the night period — and temperatures up 
to 30° did not result in opening if made before 10 p.m. 

Figure 28 shows the opening rates of the flowers following their 
removal from the field and immediate installation in the experimental 
chambers. ^ The curves show the daily periodic relations. At 10 
P.M., opening followed only when the buds were placed in the 30° 
chamber; at midnight, opening followed at the three higher tem- 
peratures, but showed low values which increased in the 2 a.m. 
series, and reached maximum values at 4 and 6 a.m. It is evident 
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that at temperatures above 10°, at which periodicity is suppressed, 
these flowers open in a periodic cycle beginning at 10 p.m. and pro- 
ceeding to a maximum at 4 to 6 a.m., when opening usually occurs 
in the field. This periodicity may be expressed as the rate of open- 
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Fig, 28. — Opening rates of flowers of Hibiscus trionum when transferred from the 
field to different temperature levels at various times of day. 

ing or by the maximum openings attained. Thus at 30° for the 
series 10 p.m., 12 Mt., 2 a.m., 4 a.m., and 6 a.m. respectively, the 
flowers opened to the angles of 20, 42, 92, 93, and 70, respectively. 
Although the highest values appear earlier than when the opening 
rates are considered, a periodic fluctuation is evident. 

EFFECTS OF TEMPERATURE, HUMIDITY, AND LIGHT 
The flowers of Hibiscus trionum show a distinct temperature 
relation. Figure 28 shows that the opening rates were highest at 
30®, and zero at 10°, with the intermediate curves falling between 
these values. At midnight and at 2 a.m., when the periodic open- 
ing tendency is great enough so that a reaction followed a change 
to 20°, 25°, and 30°, the values at 20° and 25° differed but little. 
During the period of maximum periodicity, values obtained at 15° 
and 20° were similar, but at 25° and 30° gave far higher results. Ap- 
parently there is a threshold of stimulation which is passed by a 
change to 30°, but not by that to 25° until it is lowered by the 
maximum periodicity. 

Experiments to determine the effects of different storage con- 
ditions were not satisfactory because of the uncertainty of obtaining 
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mature buds at definite periods before their opening time. Cut buds 
and those on potted plants did not open when placed at 0°, 100 
per cent humidity, and darkness at 5 p.m. and changed to tem- 
peratures of 15°, 20°, 25°, and 30° on the next morning at 6 o’clock. 
After storage at 20°, 50 per cent humidity, and .275 foot-candles 
light intensity for a similar period, comparable changes gave but 
slight reactions. Treatment of the buds with x-rays during storage 
was also without effect. 

Closing began soon after maximum expansion had been reached, 
the flowers beginning to close immediately at 30°, and after 45 min- 
utes at 15°. In cut flowers the length of the open period varied with 
the temperature, but in a series carried out at 25° and at 20 and 70 
per cent humidity no differences could be seen. The closing move- 
ment required 2 to 3 hours for completion and did not vary appre- 
ciably either with the temperature or the humidity. 

Darkness, .275 foot-candles and 40 foot-candles light intensity 
were used in series carried out at 25° and 50 per cent humidity. No 
effect could be seen in the 10 p.m. series, but in those at 2 and 4 
AM. the maximum expansion was increased 12 per cent at the higher 
intensity. The time at which maximum expansion w'as attained was 
unaltered. 

TISSUE STUDIES 

Plasmolytic studies on Hibiscus trionum were made with ma- 
terial freshly cut in the field, and with that kept under experimental 
conditions. Figure 29 shows the curve of osmotic concentration for 
the outer and inner epidermis of flowers fresh from the field at the 
times indicated. This shows that during the night, before the open- 
ing movements appeared, the concentration of the inner epidermal 
cells increased over that of the outer; this difference disappeared 
during the opening process, and approached equality with that of the 
outer duriug the entire open period. During closing, the concen- 
tration of the inner layer of cells increased again, and then fell rapidly 
as the petals collapsed. This final decline may not represent an in- 
crease in the osmotic concentration of the solutes in the cell sap, 
but a loss of the semi-permeability of the eeU membrane accompany- 
ing senescence. 

flowers stored at 30° the osmotic relations accompanying the 
induced opening became involved. A change to 30° in the early 
morning, resulting in an opening movement of the flower, lowered the 
concentration of the inner epidermis to the level of that of the outer, 
but there was no recovery of concentration, as occurred in the field, 
when the flowers closed. At 20° this recovery period appeared. At 
10° the concentrations remained in the condition of those found in 
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Fig. 29. — Osmotic concentrations of the epidermal cells of Hihisciis irionum 
expressed as the molarity of hypertonic sucrose solutions. 

the bud. Opening in the flowers of Hibiscus trionum is probaly ac- 
companied by the greater hydration of the inner tissue than of the 
outer. The consequent enlargement of the cells probably accounts 
for the curvature on which the opening of the corolla depends. 

SUMMARY 

Most flowers considered in this chapter may be hemeranthous 
or ephemeral hemeranthous, depending on the rapidity of desiccation 
during their open period. The gentians are largely hemeranthous, 
Linum ruhrum and the portulacas may be either, Erodium is only 
exceptionally hemeranthous, and Hibiscus trionum never reopens on 
the second day and usually remains expanded but a few hours. 

Periodicity is shown by all the flowers except Gentiana frigida 
and G. calycosa, in which it was not detected by the methods used in 
this study. In most cases the daily periodic movements can be sup- 
pressed at 10°, and the duration of the open period reduced at 30°. 
Humidity and light have little or no effect. 

The flowers show a direct relation between the rate of opening 
and the degree of expansion and temperature. These gentians re- 
spond readily throughout the day to sudden temperature changes, 
the degree of the response decreasing with the length of the experi- 
ment. The other flowers discussed respond only when the direction 
of the stimulus and that of the periodic movement agree. 
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The three species of gentian occur at definite but different zones 
on the mountain and in different habitat complexes. That this is 
reflected in the behavior of the flowers is definitely established by the 
experiments here reported. The differences are even greater than 
those reported in Chapter III for the same species of Taraxacum. 
The temperatures obtaining in the field both at the opening and clos- 
ing periods are at different levels. G. amarella shows definite perio- 
dicity, but the other two species which grow at higher altitudes do 
not show this relation. All species of this genus respond to the stimu- 
lus of alternating temperatures, but G. amarella responds by degree 
and rate of opening at certain times in the periodic cycle, while G. 
calycosa and G. frigida respond at all times. It is established in these 
studies that the movement of G. amarella is not normal at a constant 
temperature when this is the mean of daily temperatures in the field. 

A protoplasmic adjustment to low temperature occurs in the 
case of G. frigida maintained at 10°. During the first 24 hours at 
this temperature the flowers remain immobile, but continuance for 
another 24 hours causes them to move by induced periodicity. This 
is thought to be a reaction similar in nature to the well known “hard- 
ening process” of plants. 

The opening of flowers in response to stimuli is probably the 
expression of a summation of internal factors. This is clearly the 
case in C. frigida where the expression is very pronounced, and it is 
not unlikely, though less clearly demonstrated, that certain reactions 
obtained in other species may depend on this. 

The osmotic concentration of the epidermal cells shows no re- 
lation to floral movement in the gentians, but in the other flowers 
discussed it indicates that opening is accompanied by a decreasing 
concentration in the surface from which the movement occurs. This 
is believed to indicate an increasing water content, and hence tur- 
gidity in the ceUs. Closure is closely accompanied by the senescence 
and collapse of the cells, and the plasmolytic method reveals a falling 
concentration in both surfaces of the petals. 



VIII 

MENTZELIA NUDA AND MENTZELIA MULTIFLOEA 

MENTZELIA NUDA 
FIELD BEHAVIOR 

Mentzelia nuda is common along roadsides and in waste places 
in the vicinity of Colorado Springs. Although this plant is typically 
of the plains, it occurs along the mountain roads at elevations up to 
10,000 feet where it mingles with M. multiflora and produces hybrid 
forms. The large creamy white flowers open about 6:30 p.m. and 
close two hours or more later. Opening and closing is repeated on 
7 to 8 successive days before the petals become inactive with age, 
wither, and drop to the ground. The calyx lobes, which at first are 
imbricated to enclose the bud, are forced apart by the growing cone 
of the corolla. Twenty-four hours before the first expansion of the 
flower the tips of the sepals are reflexed. With the spreading of the 
petals on the following afternoon additional curvature occurs, after 
which the calyx shows no further movement, remaining recurved 
and dry on the mature fruit. Plate 20 shows the typical movements 
of the first and second days and the beginning of collapse on the fifth 
day. 

The opening of the corolla requires one hour or more, and the 
closing the same length of time. Although the time of day at which 
opening occurs does not vary greatly, the time of closing is subject 
to wide variations. At times many flowers will be found open 
throughout the night. Factor readings are not always consistent on 
these occasions and it seems probable that the behavior of the flowers 
at these times is conditioned by the predetermining environmental 
factors. During the solar eclipse of September 1923 most flowers 
opened in the field by 3:50 p.m., although on the preceding and 
succeeding days the completion of the process was nearly an hour 
later. 

FIELD EXPERIMENTS 

Watering the soil about the plant of Mentzelia nuda, or remov- 
ing the calyx lobes, did not alter the floral behavior. Cut flowers 
kept in the vicinity of those undisturbed on the plant behaved norm- 
ally during the first 48 hours at least. A quick drop in temperature 
to 16° was observed to check the opening process at its beginning 
and to keep the flowers closed throughout a 24-hour period. 
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To test the effects of various factors on the movement of these 
flowers, two branches of a single plant were covered by large bell jars, 
and the remainder of the plant was left exposed to the air undisturbed. 
The bell jars were heated or cooled by circulating hot or cold water 
through coils enclosed with the experimental plant. A thermometer 
and dew-point apparatus were also placed within the bell jars for 
purposes previously described. Temperatures of 30° and 25° were 
maintained with a humidity which varied around 80 per cent. The 
time of opening was not very different from that of the free flowers. 
Under these conditions a reduction in the light, produced either by 
shading or by . the declining of the sun, was followed by the opening of 
the flowers. A single typical experiment may be given as an example. 
Five flowers at 30° in bell jars began to open at 5 p.m. simultaneously 
with those on the same plant which were in the open; a third por- 
tion of the plant, which was enclosed under a bell jar treated in the 
same manner as the first but shaded at 4 p.m., showed open flowers 
in one-half hour after shading. 

LABOEATORY EXPERIMENTS 

Table 25 gives the average percentage opening of flowers of 
Mentzelia nuda under conditions of constant temperatures of 15°, 
20°, 25°, and 30°. The values given are the averages from 3 to 5 
individual flowers, and agree in all,^ssentials with the behavior of 
flowers of this species in other experiments. The flowers were kept 
at 50 per cent humidity and darkness throughout the experiment, a 
light of 0.275 foOt-candles being turned on momentarily to make 
angular reading possible. All the flowers used in this experiment were 
cut at 6:30 p.m., brought into the laboratory and stored at 12°, 
100 per cent humidity, and darkness, until the beginning of the ex- 
periment. Flowers which had been open in the field for one daily 
period only were selected. 

PERIODICITY 

It win be seen that there was a characteristic and well marked 
periodic cycle of movement, the flowers under the constant conditions 
of the three higher temperatures opening in the late afternoon and 
closing by midnight in a manner similar to the field behavior already 
described. In the 7 a.m. series, the values for which are graphed in 
Fig. 30, periodic opening appeared at all temperatures tried, al- 
though the movement was limited by the temperature and hence 
slight at 15°, After 24 hours in the experimental chambers a second 
periodic opening and closing occurred, and 'while this movement was 
changed in extent it was not significantly altered in time. In the 
second opening the degree of movement was reduced at the two 
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TABLE 25 

MeNTZBI/IA Nuda 

Behavior (per cent open) under various constant conditions of tem- 
perature, 60% relative humidity, and darkness. 


Temp. ®G. 

15 

15 

15 

20 

20 

20 

25 

25 

25 

30 

30 

30 

Time 













7 a.m. 

0 



0 



0 



0 



10 

0 

5 


0 

10 


0 

3 


0 

5 


11 

0 

5 


3 

10 


0 

3 


0 

5 


2 p.m. 

0 

5 

10 

3 

10 

7 

0 

3 

7 

0 

5 

0 

3 

3 

5 

10 

7 

10 

8 

0 

3 

7 

0 

5 

0 

4 

3 

5 

10 

7 

10 

8 

5 

3 

7 

10 

5 

0 

5 

3 

5 

10 

18 

10 

8 

75 

5 

8 

100 

5 

2 

6 

3 

5 

10 

25 

10 

8 

75 

7 

53 

100 

17 

25 ■ 

7 

3 

5 

10 

25 

10 

8 

70 

7 

50 

90 

20 

25 

8 

5 

,5 ^ 

10 

20 

10 

8 

60 

10 

40 

85 

20 

25 

9 

5 

5 

10 

10 

10 

8 

52 

22 

30 

80 

22 

25 

12 mt 

5 

^ 5 

10 

8 

10 

18 

10 

7 

27 

0 

22 

27 

3 a.m. 

! 5 

0 

0 

7 

3 

10 

11 

7 

20 

0 

15 

17 

7 

3 

0 

0 

5 

3 

10 

8 

5 

20 

0 

7 

17 

10 

3 

0 

0 

5 

3 

10 

8 

5 

20 

0 

7 

17 

1 p.m. 

3 

0 

0 

5 

3 

7 

9 

5 

18 

5 

5 

17 

3 

3 

0 

0 

5 

3 

7 

9 

5 

18 

5 

5 

17 

4 

5 

0 

0 

8 

3 

22 

26 

8 

23 

60 

7 

17 

6:30 

33 

10 

30 

23 

55 

38 

51 

25 

32 

85 

52 

17 

9 

18 

5 

13 

12 

35 

37 

36 

22 

32 

40 

50 

17 

10:30 

23 

5 

8 

12 

30 

28 

27 

15 

25 

35 

30 

15 

12 mt. 

0 

0 

0 

0 

6 

5 

3 

3 

7 

5 

4 

8 


higher teraperatures but increased at 15°. During the low temper- 
atures of storage and of the 15° chamber the amplitude of the periodic 
movement of the flower increased, the low temperatures being favor- 
able for the preparation period. 

The flowers placed in the experimental chambers at 10 a.m. and 
2 P.M., after receiving 3 and 7 hours more storage during the daylight 
hours, showed great variability but in general opened near the usual 
time for opening in the field. Storage at 12° during the night in- 
creased the amplitude of movement, but when the flowers were 
subjected to these conditions during the day the extent of the periodic 
opening was reduced and the time of expansion delayed or made more 
variable. This was shown in a more striking manner by other flowers 
placed in the experimental chambers at 3 p.m. or later. Little or no 
movement occurred at any temperature from 15° to 30°. The am- 
plitude of the periodic opening was inversely proportional to the 
storage period at 12°, 100 per cent humidity, and darkness, during the 
daylight period. When storage was only during the night, as in the 
7 A.M. series, the periodic opening at 30° was complete expansion. 
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Fig. 30.— Behavior of flowers of Mentzelia nuda at various temperature levels, 50 
per cent relative humidity, and darkness. 

Under constant illumination the flowers of ikfewfeeKa ntirfa showed 
showed the same periodicity as appeared in darkness (Table 26), 
opening and closing at approximately the time at which these move- 
ments occurred in the field. When suddenly changed between light 
intensity of .275 and 40 foot-candles the daily periodic movements 
were still evident, as is shown in Table 27. Changes in illumination 
influenced the movements only at the time of the daily periodic 
reaction. With changes from low to high illumination at 8 and 11 
A.M. and 4 and 6 p.m., all flowers began expanding from 5 to 7 p.m. 
It is evident that any effects of illumination on the movements of the 
flower merely modified the periodic behavior. 

EFFECTS OF TEMPEEATUE.E 

Table 25 and Figure 30 show that after storage the flowers of 
Mentzelia nuda opened to a maximum expansion proportional to 
temperatures from 15° to 30°, when the 7 a.m. series is considered. 
The flowers kept in storage until later in the day displayed various 
modifications of this relation, since storage at 12°, 100 per cent hu- 
midity, and darkness during the daylight period reduced periodic 
movements. Thus when placed in the experimental chambers at 10 
A.M. no movements occurred during the first 24 hours at 15° and 20°, 
while those exhibited under the two higher temperatures were equal. 
When the flowers were removed from storage and installed in the 
chambers at 2 p.m. no opening occurred during the first day at 15°, 
the greatest expansion took place at 25°, and in the 20° and 30° 
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chambers there was little difference other than a delay in opening in 
the former. In this initial opening there w^as a direct relation be- 
tween the degree of expansion and the temperature when the storage 
period was not extended more than 4 hours into that of dayhght. 
Other experiments not given here in detail showed that the amplitude 
of movement decreased with the length of the storage period during 
daylight, so that flowers installed in the chambers at 3 p.m. or later 
did not open at any temperature during the initial 24 hours. When 
the closed flowers were removed from the field directly to the ecostat 
at 5 to 7 A. M. the behavior was entirely like that of the flowers stored 
during the night. When series were transferred from the field during 
the day the behavior was strikingly different; full opening and closing 
occurred at the usual daily period, unless the flowers were cut im- 
mediately before the expansion period so that the shock of cutting 
interfered with the response. Storage under the conditions here 
employed was unfavorable to floral opening when carried into the 
daylight period, but more so when the flowers were kept at 15° and 
20° than at 25° and 30°. 

In the second periodic opening under the constant conditions of 
the experimental chambers aU flowers in the 7 a.m. series at tem- 
peratures above 15° expanded to a lower maximum than in their 
initial opening. At 15° the expansion of the second opening was 
considerably increased. The percentage second expansion maximum 

„ , „ /second maximum, , • x 

of the first 1 — ? — ; X 100) in the order of increasing tem- 

\ first maximum 

peratures from 15° were 660, 92, 68, and 85. The flowers of the 
7 A.M. series were unique in carrying out a more nearly normal open- 
ing during the second period than during the first. Temperatures 
above 15° were unfavorable for the preparation for opening when 
applied continuously for 24 hours or more, but were favorable when 
utilized only during the daylight period. That the higher tempera- 
tures did not result in the depletion of the materials necessary for 
floral movement was shown by the full opening of the cut flowers 
when placed in the field at the close of the experiment as well as 
by the fact that the reduction in degree of movement at the second 
opening did not follow the order of increasing temperature but was 
25°, 30°, and 20°, which indicated that 25° was the optimum for 
this secondary movement. 

In the 10 A.M. series the maxima of the second opening exceeded 
that of the first in every case, indicating that the three hours addi- 
tional storage beyond that given the 7 a.m. series passed a critical 
minimum after which further exposure to higher temperatures did 
not reduce the magnitude of the second expansion. The flowers of 
the 2 P.M. series showed a second opening greater than the first only 
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at the two lower temperatures. Three hours storage during the day- 
light period reduced the first opening but favored the second, but 7 
hours so disturbed the critical balance that only with further storage 
at 15° or 20° was the second opening increased. 
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The effects of sudden temperature changes under conditions of 
50 per cent relative humidity and darkness was studied in experiments 
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in which freshly cut material was used. Transfers were made between 
temperatures of 15°, 20°, and 30° at 11:45 a.m. and 3:20 p.m. The 
average results, together with those of checks held at constant tem- 
peratures, are given in Table 26. 

Considering first the 8 a.m. series, under constant conditions of 
15° there was a slight periodic opening which was not altered in 
time or degree by a change to 20° at 11:45 a.m., but was slightly 
increased by the transfer to 30°. In the 1 p.m. series, which had 
received five hours additional exposure to the conditions of the habi- 
tat, similar temperature changes resulted in an increased amplitude 
of periodic movement. The changes from 15° were not immediately 
followed by expansion, indicating that there was no stimulating ef- 
fect but an adjustment of the flowers to 'the temperature level to 
which they were transferred. 

The behavior of the flowers in the 8 a.m. series changed from 
20° to 30° and 15° agrees with that just described. In the 1 p.m. 
series, changes made at 3:20 p.m. both to 15° and 30° decreased the 
maximum openings. In this case transfer to a higher temperature 
did not increase the degree of opening when the change was made 
late in the preparation period. 

Changes from 30° to the lower temperatures reduced the extent of 
opening markedly both when the changes were made at 11:45 a.m. 
in the 8 a.m. series, and when they occurred at 3:20 p.m. in the 
1 P.M, series. In no case was there a marked closing reaction follow- 
ing the change but a gradual adjustment of the flower to the tempera- 
ture level. These flowers are not sensitive to sudden changes in 
temperature in either the opening or closing movement, but show a 
degree of maximum expansion directly proportional to the tem- 
perature. 

EFFECTS OF LIGHT 

The behavior of the flowers of Mentzelia nuda at 20°, 50 per cent 
relative humidity, and constant levels of .275 and 40 foot-candles 
light intensity is shown in Table 27. All flowers were brought directly 
from the field and placed in the experimental chambers at 5 A.M., 
12 M., and 3:30 p.m. 

In all the series the flowers subjected to the stronger illumina- 
tion began the periodic opening earlier and expanded to a greater 
maximum than those in the weaker light. Thus in the 5 a.m. series 
the flowers under .275 foot-candles light intensity reached the per- 
centage maximum expansion of 22 at 9 p.m., while the comparable 
set under 40 foot-candles light intensity attained the maximum of 
70 at 6 P.M. Similarly the 12 m. series opened to 13 at 7:30 at the 
lower light intensity, and to 51 at 6 p.m. at the higher. In the 3:30 
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series T na.yitrmm openings at the low and high light intensities oc- 
curred at 6 P.M., reaching 52 for the lower level and 90 for the higher. 
It is evident that both the degree of expansion and the time of opening 
are influenced by the light intensity to which the flowers are exposed. 

TABLE 27 

Mbntzelia Nuba 

Behavior (per cent open) of flowers at 20®G., 50% relative 
humidity, and constant conditions of 275 and 40 foot- 
candles light intensity. 


Light Intensity 
(Foot-candies) 

.275 

40 

.275 

40 

.275 

40 

Time 







5 a.m 

0 

0 





9:30 

0 

0 





12 m. 

0 

0 

0 

0 



3 p.m. 

0 

0 

0 

0 



3:30 

0 

5 

0 

0 

0 

0 

4 

0 

19 

0 

7 

0 

0 

6 

0 

59 

0 1 

38 

0 

27 

6 

0 

70 

0 

51 

52 

90 

7:30 

6 

69 

13 

27 

36 

48 

9 

22 

55 

0 

22 

15 

13 

10 

22 

21 

0 

21 

10 

6 

11 

19 

20 

0 

18 

10 

0 

12 mt. 

18 

20 

0 

13 

10 

0 


The effects of changes in illumination between .275 and 40 
foot-candles intensities are shown in Table 28. The flowers were 
brought directly from the field to the experimental chambers and 
kept at 20° and 50 per cent relative humidity throughout the ex- 
periment. All were started at 5 a.m., and the changes in illumina- 
tion were made at 8 and 11 a.m. and at 4 and 6 p.m. without other- 
wise disturbing the flowers. To secure accurate comparisons the 
flowers were shifted simultaneously from low to high and from high 
to low light intensities. 

The maximum openings were greater under the more intense 
illunaination, except in the series in which the change to the higher 
intensity was made at 6 p.m. after the maximum expansion had 
already been attained in the comparable set. Thus the maxima 
openings of the series changed at 8 and 11 a.m. and 4 p.m. were 80, 
69, and 21 per cent greater under the more intense illumination than 
under the weaker. The floral behavior was Rimilar to that which 
appe^ed under the influence of sudden changes in temperature. 
Opening reactions did not follow immediately after the increases in 
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illumination unless these increases occurred at the time for periodic 
expansion. Thus in the series changed to 40 foot-candles light in- 
tensity at 8 and 11 A.M., opening began 10 and 7 hours respectively 
after the change. At the time for periodic opening similar changes 

TABLE 28 

Mentzelia Nuba 

Behavior (per cent open) of flowers under constant conditions of 20°C. 
and 50 % relative humidity, and changes between .275 and 40 foot- 
candles light intensities. 

Change in light intensity indicated at head of column is marked with 
an asterisk. 


Light Intensity 
(Poot-candles) 

.275 
to 40 

40 to 
.275 

,275 
to 40 

40 to 
.275 

.275 
to 40 

40 to 
.275 

,275 
to 40 

40 to 
.275 

Time 

5 a.m. 

0 

8 

0 

6 

6 

5 

0 

■ 6 

8 

04 - 

8* 

0 

6 

6 

5 

. 0 

6 

11 

0 

8 

0* 

6* 

6 

5 

0 

. ■ 6 

12 m. 

0 

8 

0 

6 

6 

5 

0 

6 

2 p.m. 

0 

8 

0 

6 

6 

^ 5 

0 

6 

3 

0 

8 

0 

6 ! 

6 

5 

1 O,,': 

6 \ 

4 

0 

10 

0 

6 1 

6* 

10* 

0 

8 

5 

0 

11 

0 1 

22 

8 

59 

0 

84 

6 

26 

11 

8 

31 

11 

56 

0* 

40* 

7:30 

91 

11 

100 

27 

60 

37 

37 

7 

9 

71 i 

10 

100 

20 

80 

30 

62 

6 

10 

51 1 

8 

45 

19 

74 1 

28 

64 

6 

11 i 

26 

8 

21 

16 

51 i 

25 

60 

6 

12 mt. i 

17 

8 1 

11 

16 

11 i 

25 

47 

I 6 


resulted in immediate expansion unless this had already occurred at 
the time the shift was made. The effect of the more intense light 
on the degree of expansion is, at least partly, one of light intensity 
and time. The series shifted at 8 a.m. reached a maximum after 
11.5 hours exposure to the more intense illumination, that at 11 a.m. 
after 8.5 hours, and that at 4 p.m. after 5 hours, the excess expan- 
sion over that taking place at the lower intensity being respectively 
80, 69, and 21 per cent, as previously mentioned. 

The time both of the beginning of the opening movement and 
of the maximum expansion was later under the more intense light, 
unless the change in light intensity came when opening was already 
under way. Comparisons cannot be made with the series shifted 
at 6 P.M., because opening had occurred before the changes were 
made. Shifts to 40 foot-candles light intensity at 4 and 6 p.m. 
initiated the opening reaction and may have acted as a light stimulus 
to opening, but this view is made doubtful by the delayed response 
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in all other similar changes. Transfer to light of lower intensity 
affected the closing process only when the change was made at 6 p.m. 
when closing was already under way. 


TISSUE STUDIES 

The osmotic concentration of the epidermal cells in the region 
of maximum curvature of M. nuda was determined by the plas- 
molytic method. Typical curves are shown in Figure 31. The values 
for the flowers cut at 5 a.m. and held in the chambers at 25°, 50 per 
cent humidity and darkness are shown by the solid and broken lines; 
comparative values for flowers at 20° and 40 foot-candles light in- 
tensity are shown by the dotted curves. In darkness during the 
morning the concentration of the cells of the outer epidermis was 
above that of the inner, but reached equality before noon. During 
the afternoon there was a marked fall in concentration in the cells 
on both surfaces but particularly on the outer, bringing the values 
for this layer below those of the inner. At the time of opening and 
during the open period the concentrations again rose and crossed, 
reaching a relation similar to that found in the flowers during the 
morning period. 



8 AM 10 I8M ZPM 4 6 8 lO /ZPM 


TIME 

Pig. 31. — Osmotic concentrations of epidermal cells of the petals of Mentzelia nuda 
as determined by the molarity sucrose solution necessary for plasmolysis. 


In the comparative series at 15°, the curves for which are not 
given, the concentrations were slightly above those of the 25° ma- 
terial, but the form of the curves remained similar up to 1 p.m. From 
that time the values remained approximately equal and constant 
to the end of the experiment at 10 p.m. During this interval the 
flowers did not open. The preparation period is thus marked by an 
increasing concentration in the epidermal cells, and the opening 
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peripd by a fall in this value, the decline being greater in the outer 
layer. Closing is characterized by a reverse change toward the 
original condition. A comparison of the 26° and 15° values indicates 
that at the latter temperature the processes taking place during the 
forenoon proceed to a higher maximum than at 25°, but that the 
fall in concentration accompanying expansion does not occur in the 
absence of the opening movement. 

When flowers were held at 20°, 50 per cent relative humidity, 
and .275 and 40 foot-candles light intensities, the relative changes in 
concentration were similar to those described for flowers kept in 
darkness, but the absolute values were somewhat higher. Curves 
for flowers under 40 foot-candles light intensity are given in Pigure 
31. It will be seen that tissue conditions, as reflected by the epidermis, 
show a period immediately before opening during which the sap con- 
centration is high at the inner surface. This condition is reversed 
during opening, and again assumes the closed condition of greater 
concentration in the outer surface than in the inner. The crossing of 
the concentrations during the opening period is delayed by exposure 
to light in the same way as the opening movements. 

The movement of flowers of M. nuda is conditioned by a differ- 
ential osmotic concentration in the epidermal cells, but the changes 
in concentration and the consequent movement are probably brought 
about by hydration phenomena. 

MENTZELIA MULTIFLORA 
FIELD BEHAVIOR 

Mentzelia multiflora occurs on open gravel slopes in the Pike’s 
Peak region at 6000 to 11,000 feet elevation. The yellow flowers are 
produced in numbers on long flexible branches from June to Septem- 
ber. The floral history is shown in Plate 21. The sticky calyx lobes 
are forced apart by the growing cone of the corolla and are gradually 
reflexed, reaching the complete and permanent recurved position 
after 24 hours. The first opening of the corolla occurs from 3 to 5 
P.M., 1 to 4 days after the reflexion of the calyx, the movement re- 
quiring about 30 minutes. The flowers usually remain open 2 to 4 
hours, depending on weather conditions. The opening and closing 
movements are repeated on 3 to 5 successive days. During warm 
humid weather the flowers may remain open throughout the night. 
When a sudden and extreme faU in temperature occurs during the 
open period, closing movements may be checked so that the flowers 
remain partly open throughout the night or even the following day. 
The field behavior of Mentzelia multiflora is strikingly variable and 
could not be correlated with factor measurements made at or near 
the time of the opening and closing periods. 
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FIELD EXPERIMENTS 

Uncut flowers were enclosed in bell jars in the habitat, and were 
heated or cooled by coils through which brine of the desired temper- 
ature was circulated, and subjected to moist or dry air and to different 
degrees of shading. Checks were maintained both in bell jars with the 
habitat factors otherwise unchanged, and unenclosed. Flowers en- 
closed in the early afternoon when the air temperature was 20° to 25° 
and kept at 30° and at 20° in air 40 per cent saturated with water 
vapor, opened at the same time as the adjacent free checks. Flowers 
at 30° remained open to the end of the experiment at 12 midnight 
when the air temperature had decreased to 8° to 10°, and the free and 
enclosed checks had closed at 9 p.m. At 20°, opening occurred at the 
time at which it took place in the checks; but closing, though delayed, 
was in progress at midnight. The removal of the bell jars resulted 
in the closing of the flowers which had been heated to 30° and 20°, 
and all behaved normally on the following day. Flowers similarly 
cooled to 15° opened and closed with the checks. Shading and high 
humidities applied during the afternoon produced no change in the 
time of opening. If these factors are of importance in the field it 
is rather during the preparation period than during the time at which 
movement is in progress. 

The removal of some of the petals either when the flower was 
open or closed did not alter the behavior of the remaining parts. Dis- 
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Fia. 32. — ^Average hourly transpiration of flowers of Mentzelia multifioraf and 
evaporation per square centimeter free water surface, 

secting the sepals from the bud did not affect the subsequent opening, 
although such mutilated flowers frequently collapsed prematurely. 
The transpiration relations of flowers were studied by cutting under 
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water those which had passed through one open period, and exposing 
thena in sealed vials held in an upright position at flower level by 
placing in blackened wood blocks. Evaporation from a free water 
surface was determined by exposing at flower level a blackened pan 
10 cm. in diameter and 7 mm. deep, in which water was kept at a 
depth of 6 mm. Transpiration and evaporation were determined by 
weighing. The average transpiration and evaporation values fol- 
lowed a similar daily cycle, rising during the day and falling at night, 
but in no case was there any apparent effect on the transpiration- 
evaporation ratio that could be attributed to the opening and closing 
of the flowers. Figure 32 gives the curves. 

Since the stomata are apparently inactive in this flower, and 
transpiration is cuticular, it is difficult to see how the position of the 
petals could be without effect on the water loss. The method here 
used was probably not sufficiently accurate to detect the transpira- 
tional effects of opening and closing. 

LABORATORY EXPERIMENTS 

Table 29 gives the percentage opening of flowers of M. multiflora 
under constant conditions of 30° and 20° temperature, 50 per cent 
relative humidity, and .275 foot-candles light intensity. It will be 
seen that in flowers taken directly from the field to the experimental 
chambers at 3-hour intervals from 3 a.m. to 3 p.m., periodic move- 
ments occurred in every case. Neither the time of removal from the 
field nor the temperatures of 20° and 30° altered significantly the 
time at which the maximum expansion was reached, this usually 
being from 6 to 7 P.M. 

PERIODICITY 

At 30° there was no change in the rate of opening proportional to 
the duration of the series — ^that is, length of field exposure during 
the day— -but at 20° there was a progressive increase. The values 
are shown under the heading “No Storage,” in Table 32, which also 
gives the opening rates for flowers placed under experimental condi- 
tions at 6 P.M. when the opening movement was already in progress. 
Since field temperatures were 22° to 27°, the transfer to the 20° 
chamber was a reduction in temperature, so that the sudden change 
could not account for the increasing rate of opening with the duration 
of the series. At 30° the preparation for opening went on in the 
experimental chambers so that the rates did not increase with in- 
creasing field exposure, but that conditions in the field were more 
favorable than those in the 30° chamber is shown by the high rate 
of the 6 P.M. series. It seems evident that there is a preparation 
period for opening, for which the day exposure to field conditions or 
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to those of the 30° chamber is favorable in proportion to its 
duration. 

The results for the comparable series in the 10° chamber are 
omitted in all the work on Mentzelia multiflora, because no opening 
movements occurred at this temperature; as in the case of M. nuda, 

TABLE 29 

Mentzelia Multiflora 

Behavior (per cent open) of flowers under constant conditions 
of 30® and 20®, 50% relative humidity, and .275 foot-candies 
light intensity. 


Temp. ®G. 

30 

20 

Time 











3 a.m. 

0 





0 





4 

0 





0 





6 

0 





0 





6 

0 

0 




0 

0 




7 

0 

0 




0 

0 




8 

0 

0 




0 

0 




9 

0 

0 

0 



0 

0 

0 



10 

0 

0 

0 



0 

0 

0 



11 

0 

0 

0 



0 

0 

0 



12 m. 

0 

0 

0 

0 


0 

0 

0 

0 


1 p.m. 

0 

0 

0 

0 


5 

0 

0 

0 


2 

0 

0 

0 

0 


5 

0 

0 

0 


3 

0 

0 

0 

0 

0 

13 

0 

0 

0 

0 

4 

33 

15 

0 

3 

45 

23 

0 

0 

0 

0 

5 

95 

62 

5 

64 

88 

37 

1 

23 

23 

25 

6 

100 

89 

81 

98 

100 

52 

19 

69 

68 

92 

7 

100 

93 

98 

98 

100 

44 

35 

72 

59 

90 

8 

95 

92 

93 f 

93 

100 

23 

52 

60 

36 

15 

9 

82 

74 

93 1 

.74 

100 

23 i 

35 

42 

16 

9 

10 

82 

71 1 

89 1 

63 

95 

23 

20 

15 

7 

3 

11 

81 

62 

73 

41 

93 

23 

17 

13 

0 

3 

12 mt. 

80 

53 

65 

35 

88 

23 

8 

9 

0 

3 

I a.m. 

80 

46 I 

62 

32 

84 

23 

6 

9 

0 

2 

2 

80 

43 1 

59 

27 

80 

23 

4 

7 

0 

1 

3 

80 

33 1 

55 

23 

75 

23 

4 

7 

0 

0 

4 

80 

33 ; 

55 

22 

75 

23 

3 

6 

0 

0 

5 

80 

33 I 

55 

22 

75 

23 

3 

5 

1 ^ 

0 

6 

80 

33 1 

55 

22 

75 

23 

; 3 

4 

1 0 

0 

7 

80 

33 

55 

21 

75 

23 

3 

4 

i 0 

0 

8 

80 1 

33 

55 

21 

75 

23 

3 

4 

1 0 

0 


all periodic movements were checked. At 20° and 30° all flowers 
showed closing movements, but these were slight after long exposure 
in the 30° chamber. 

The^flowers used in experiments the results of which are sum- 
marized in Table 30 received storage periods varying from 3 to 48 
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hours after removal from the field. In all cases this material was 
installed in the experimental chambers at 6 a.m., so that all of the 
storage period, or the final part of it, was during the night period. 
Periodic opening and closing appeared in every case, the closing 
movements, like those in the unstored material, being limited in ex- 
tent at 30°. The time at which the maximum expansion was at- 
tained showed an insignificant advance, being from 6 to 6 p.m. 
The opening rates computed from the values in Table 30 are given 
under the heading “Night Storage,” in Table 32. Little more than 
variation was shown by the flowers in the 30° chamber, there being no 
significant disturbance in the periodic behavior. The percentage 
average opening for all material after night storage periods was 21.8 
as against 23.2 for unstored material. In the 20° chamber the open- 
ing of the stored material, though variable, showed a distinctly higher 
rate than did the unstored, the average values being 23.7 and 13 
respectively. In the 10° chamber no movement occurred. 

Night storage under the conditions here employed did not dis- 
turb the periodic behavior of the flowers but accelerated the rate of 
opening at 20°. As judged by the rates of opening, exposure during 
the night to field conditions, and to 10°, 50 per cent humidity, and 
darkness, is equally effective when the day period is passed at 30°; 
but when the same night treatment is followed by the subjection of 
the flowers to 20°, the 10° storage is more favorable. 

Table 31 shows the results for flowers stored under conditions 
identical with those governing experiments recorded in Table 30, ex- 
cept that the storage periods were given during the daylight instead 
of the night hours. All the flowers were removed from the field at 
6 A.M. and subjected to the storage conditions for a portion of the 
day before being placed in the experimental chambers. These flow- 
ers showed a greatly disturbed periodicity, the times at which the 
maximum openings were attained varying widely. In the 30° cham- 
ber the flowers subjected to 3 hours storage and brought to the ex- 
perimental chambers at 9 a.m. showed little disturbance in rhythm, 
opening to full expansion at 5 p.m. In the series installed in the 
chambers at 12 m., 3 p.m., and 6 p.m., after 6, 9, and 12 hours 
storage, these maxima occurred at 8 p.m. and 12 midnight. In the 
20° chamber the maximum openings were at 9 p.m., 10 p.m., 2 a.m., 
and 3 A.M., for the series in the order given. No movement took 
place at 10°. 

The results given in Table 31 show not only a delay in the 
time of the maximum opening of flowers subjected to storage during 
the daylight period, but also a reduction in the rate of opening. That 
is, the time of the beginning of the opening movement was not 
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as greatly retarded by the storage periods as the time at which the 
maximum opening occurred. 

The opening rates are given under the heading “Day Storage,” in 
Table 32, and show variable results in the 30° chamber, the values 
being high in the flowers receiving 3 and 12 hours storage. The 
average rate for all storage periods for flowers in the 30° chamber 

TABLE 31 

Mentzelia Multifloka 

Behavior (per cent open) of flowers at 30® and 20°C., 

50% relative humidity, and .275 foot-candles light in- 
tensity, after day storage periods at 10®, 100% humidity, 
and darkness, following removal from the field at 6 a.m. 


Temp. ®C. 

30 

20 

Day Storage 
(Hours) 

3 

6 

9 

12 

3 

6 

9 

12 

Time 









9 a.m. 

0 




0 




10 

0 




0 




11 

0 




0 




12 m. 

0 

0 



0 

0 



1 p.m. 

0 

0 



0 

0 



2 

0 

0 



0 

0 



3 

0 

0 

0 


0 

0 

0 


4 

5 

2 

0 


0 

0 

0 


5 

100 

50 

0 


0 

1 

0 


6 

100 

52 

0 

0 

1 

4 

0 

0 

7 

100 

90 

4 

0 

24 

13 

5 

0 

8 

100 

92 

24 

0 

52 

14 

14 

2 

9 

100 

92 

28 

0 

53 

33 

15 

6 

10 

100 

88 

43 

63 

42 

53 

15 

7 

11 

100 

76 

49 

75 

38 

35 

15 

11 

12 mt. 

$8 

70 

77 

90 

22 

33 

16 

14 

1 a.m. 

86 

61 

74 

90 

16 

32 

15 

14 

2 

75 

52 

60 i 

90 

9 

27 

20 

14 

3 

75 

43 

47 i 

85 

6 

20 

19 

28 

4 1 

75 

42 

47 i 

85 

2 

13 

11 

28 

5 1 

75 

41 

47 

85 

2 

6 

4 

28 

6 

75 

40 

47 1 

80 

2 

' 4 

4 

15 

7 

75 

40 

47 

80 

2 

4 

4 

15 

8 

75 

40 

: 47 

80 

2 

4 

4 

15. 


was 28.9, as compared to 32,6 for the 9 a.m. series receiving no 
storage. At 20°, where periodic effects are less obscured, the opening 
rates declined markedly, ranging from 14.2 to 2.5 and showing an 
average of 7 as compared with 24 for flowers with no storage. 

In experiments the results of which are not detailed here, the 
storage period of cut flowers was increased to 163 hours, the series 
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being installed at 3 p.m. so that the greater part of the daylight 
period was included. At 20° the time of the maximum opening was 
delayed and the degree of expansion and the opening rate reduced, but 
to no greater extent than was shown by flowers which had been sub- 
jected to day storage of 9 and 12 hours. The effects of storage at 
10°, 100 per cent humidity, and darkness, on the periodic opening, 
are exerted during the daylight period which immediately precedes 
floral expansion. 

EFFECTS OP TEMPERATURE 

The behavior of the flowers of M. multiflora brought directly 
from the field to the chambers shows a direct response to the tem- 
perature levels at which they were held (Table 29). It will be seen 
that in these flowers the degree of maximum expansion varied directly 
with temperature. Including the values obtained at 10° — ^whieh are 
not tabulated because they wmre invariably zero — and those at 25°, the 

TABLE 32 

Mentzexja M-OLTIFLOM 

Bate of opening of flowers under constant conditions of 30°C., 50% humidity, 
and ,275 foot-candies light intensity. 



average percentage openings for the flowers at 10°, 20°, 25°, and 30°, 
were 0, 67, 74, and 98. The closing process exhibits great variability 
but a general inverse relation to the temperature. At 10° the flowers 
remained closed, at 20° approximately complete closure followed 
thempen period except in the 3 a.m. series, and at 30° closure was 
variable and incomplete, the average percentage minimum openings 

at 10°, 20°, and 30°, being respectively 0 , 6, and 51. 

The results for flowers which received various periods of 
night storage (Table 30), exhibit a different relation. The per- 
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ceiitage maxima of the 6 a.m. series, receiving no storage (Table 29) , 
were 52 and 93 at 20° and 30° respectively, or at 20° the flowers 
opened to 55.9 per cent, the maximum expansion attained at 30°. 
Comparative values — that is, percentage maximum opening at 20° 
compared with that at 30° — for 3, 6, 9, 12, 24, and 48 hours storage 
were respectively 89, 93, 100, 97, 95, and 95. With night storage 
at 10°, 100 per cent humidity, and darkness, the difference between 
maximum expansions at 30° and 20° was greatly reduced, the degree 
of reduction being approximately equal in flowers stored from 3 to 
48 hours. The relation of floral expansion to temperature is de- 
pendent on the temperature of the preparation period quite as much 
as on that obtaining at the time expansion takes place, but there is 
a critical balance which is passed with 3 hours storage, after which 
additional storage makes little difference in the degree of expansion. 
The relative values of the minimum openings to which closure ex- 
tended at 20° and 30° with and without storage were variable. The 
average percentage minima to which the stored material closed were 
61 and 1.6 for 30° and 20°, compared to 33 and 3 for the unstored. 

When the flowers received storage during the day the openings 
did not vary consistently with the length of the storage period but 
showed a marked reduction at 20° compared with that at 30°, the 
average percentage values being approximately 39 and 90, giving a 
ratio of 43. The minimum percentage values to which closure pro- 
ceeded were 6 and 60 for 20° and 30°. 

The opening rates given in Table 32 show that flowers subjected 
to no storage opened at a greater rate at 30° than at 20° only in the 
forenoon series. The difference in the opening rates decreased as the 
time of removal from the field approached noon, after which a critical 
balance was passed so that the opening rates at 20° became as much 
as or more than those at 30°. Storage during the day increased the 
difference between the 30° and 20° rates, the averages for all storage 
periods being approximately 29 and 9.7 for 30° and 20°. 

Sudden shifts in temperature between 10°, 20°, and 30° produced 
no immediate change in movement. If periodic opening was under 
way when a change to a higher temperature was made, floral be- 
havior was altered only to that of the temperature level obtaining 
at the time. There appeared to be no stimulatory action due to the 
change. 

It is apparent from the results given that the temperature rela- 
tions of Mentzelia multiflora are not simple and must be interpreted 
in the light of conditions during the preparation period while the 
flowers are in the closed condition, as well as of those obtaining at 
the time of floral movement. In these experiments the preparation 
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period does not show a simple time-temperature relation, but rather 
a point of critical balance after which little effect is observable. 
Flowers may show a direct or inverse relation between maximum 
expansion and temperature according to the period of the day at which 
they have been subjected to conditions of 10° and darkness. The 
rate of expansion and tiine of maximum opening may show similar 
relations, or the flowers may appear entirely insensitive to all tem- 
perature changes within the limits permitting floral activity. 

EFFECTS OF LIGHT AND HUMIDITY 

Experiments on the flowers of M. multiflora with .275 and 
40 foot-candles light intensity were carried out along the lines of the 
work with Mentzelia nuda, with like results. At 20° and 50 per 
cent humidity the flowers responded to light of the higher intensity 
by maintaining a greater degree of expansion during the open period. 
Details of these experiments will not be given here because of their 
similarity to those already discussed. 

Experiments were carried out at 20° and darkness to test any 
differences in floral behavior at 75 and 25 per cent relative humidity. 
No significant differences could be found, the floral movements not 
being affected by these humidities when applied at or near the open- 
ing period. 

TISSUE STUDIES 

The tissue mechanism of M. multiflora seemed much like that 
described for M. nuda. Both the petals and filaments carried out 
repeated opening and closing movements, but the sepals, being in- 
active after the first opening, were not studied. The osmotic con- 
centrations in the epidermal cells on the opposite surfaces of the 
regions of maximum curvature were found to be lowest in the young 
bud, and highest in the flowers which had been open several times but 
were not yet collapsed. In the buds the values were about .3 molar 
as determined by plasmolysis with sucrose solution at 20°. When 
closed, flowers which had passed through one open period gave con- 
centrations of .4 and .45 for outer and inner epidermis respectively; 
during opening these values rose to equality at .6, and during the 
closing period maintained equal values, falling to .5. 

When a portion of the receptacle bearing floral parts was im- 
mersed in distilled water at 25°, the petals bent inward, finally coming 
to rest at 80 degrees from the line of the peduncle; that is, they were 
in a closed position which would be impossible when the petals were 
opposing each other from the various sides of the receptacle. When 
sucrose solutions of increasing concentration were used instead of 
water, the petals curved outward. In .1 molar the angle inward 
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was 40 degrees, in .2 molar the petals curved outward at 40 degrees, 
and in .5 molar to 80 degrees, which is approximately the full open 
position. 

SUMMARY 

When brought from the field and placed under constant condi- 
tions of temperature, light and humidity, all Mentzelia flowers 
exhibit a daily periodic cycle of movement, opening in. the late 
afternoon. The time of these periodic movements is not altered by 
different constant temperatures between 15° and 30°, by illumination 
of different intensities within the range tried, by different times of 
removal from the field, nor by exposure to constant conditions of 50 
per cent relative humidity, .275 foot-candles light intensity, and 20°, 
25°, and 30° temperature for periods up to 30 hours. Night storage 
at 10°, 100 per cent humidity, and darkness increases the amplitude 
of the succeeding periodic movement, but day storage under these 
conditions results in a variable response of decreased amplitude and 
disturbs the time of periodic opening. Night storage increases the 
rate of opening on the following day, but day storage decreases it, and 
to an equal degree at all periods greater than 3 hours. Storage for 
different periods of 24 hours or more has the same effect on floral 
behavior as that of treatment for the final day or night period of the 
longer exposure. Under constant conditions of light, humidity, and 
temperatures of 15° to 30°, periodic opening and closing occur on 
the second day, but with decreased amplitude of movement at the 
higher temperatures, and increased at the lower. 

Maximum floral expansions are proportional to the temperatures 
from 15° to 30°, unless the flowers have been stored during the day 
at low temperatures and darkness. All floral movements are checked 
at 10°. Subjection to conditions in the 30° chamber or long exposure 
at 25° and 20° prevents complete closure. Exposure of uncut flowers 
in the field during the night, and storage of cut flowers during this 
period at 10° and darkness, result in similar floral behavior on the 
next day. Storage until 10 a.m. passes a critical balance, after which 
the extent of opening during the first day is reduced but that of the 
second increased. Sudden changes in temperature between 10° and 
30° do not produce immediate responses and probably cannot be 
regarded as stimulatory. Light delays the time but increases the 
degree of maximum expansion in proportion to its intensity. 

There is a daily cycle of change in the osmotic concentration of 
the epidermal cells which shows a fall during floral opening and 
probably indicates an increase in water content of the active tissues 
during this movement. Opening and closing movements may be 
induced in petals by immersion in .5 molar sucrose solution and in 
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water. Flower movements in Mentzelia are to be connected with the 
water content of the tissues in the region of curvature. Such changes 
may be due to alterations in the osmotic activity of the solutes, or 
to cell permeability, but the resulting adjustments of water content 
are probably between tissues rather than between organs of the plant. 

SILENE NOCTIFLORA 

The floral history of Silene noctifiora is shown in Plate 22. The 
first opening of the bud is preceded by a rapid elongation of the 
corolla, which unrolls late in the afternoon while the petals are still 
curved longitudinally (Plate 22, 6 p.m. stage). As the petals flatten 
they bend outward to fuU opening. Unlike Mentzelia nuda and M. 
multifiora, these flowers remain open regularly throughout the night 
and open on two successive days. Like Mentzelia, they are nyctan- 
thous and show similar relations under controlled conditions. 




6 PM. 




IX 

EPHEMERAL NYCTANTHOUS FLOWERS 

FIELD BEHAVIOR 

The various species of Oenothera and of related genera are similar 
in floral mechanism and behavior and will be considered as a group, 
the specific differences being noted. The following forms were studied 
in some detail: Oenothera albicaulis, 0. biennis, 0. caespitosa, 0. 
coronopifolia, 0. drummondi, 0. lamarckiana, 0. missouriensis, 
0, pallida, 0. rosea, O. spiralis, 0. trichocalyx, Gaura coccinea, 0. 
parviflora. 

The immature buds of Oenothera lamarckiana are directed down- 
ward but assume an upright position on the day preceding opening. 
During the afternoon of the day on which opening occurs the buds 
swell noticeably and become yellowish green. The tips of the sepals are 
spread slightly, exposing the end of the corolla cone and the stigma 
(Plate 23, 4 p.m. stage). The bases of the sepals gradually spring 
outward, cracking apart in this region and separating along a single 
line for the entire length of the bud. The corolla is under tension 
and immediately unrolls against the restraining calyx (Plate 23, 
6 p.m. stage). The movements which follow occur very rapidly. The 
sepals spring downward as the corolla unrolls and turn back along 
the tubular portion of the flower, the final movement being sudden. 
These phases are shown in Plate 23, the 6:15 p.m. to the 6:65 p.m. 
stages. The lobes of the corolla expand at once, and the stamens 
with their viscous threads of sticky pollen spread for the reception of 
sphingid moth visitors (Plate 23, 6:57 p.m. stage). After the initial 
separation of the calyx the entire opening process requires less than 
an hour. The flowers remain fresh during the night and usually col- 
lapse during the morning, the time varying with the severity of the 
desiccation conditions. ■ 

An opening process similar in movement and time to that of O. 
lamarckiana occurs in O. biennis, a common native species found up 
to 11,000 feet elevation. Many buds of this species fail to open 
because of the larva of a moth which destroys the interior. Although 
these buds enlarge, they do not open, but they set abundant seed, 
the larva rupturing the anthers before destroying the stigma and 
style and thus effecting self pollination. During dry periods many 
buds which are not infected do not open, the sepals being so firmly 
attached that they resist separation. Buds in this condition will not 
open when the plant is irrigated or when cut and placed in water, un- 
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less the sepals are artificially separated when the petals demonstrate 
a normal tension by springing to a partly open position. 

Oenothera mespitosa is common on gravel slopes from 6000 to 
9000 feet elevation, the large white flowers being produced on short 
erect peduncles throughout the summer. Plate 24 shows successive 
views of a group from a single camera position. During either the 
day on which opening occurs, or the preceding day, the growing 
corolla cone forces the sepals apart. The stigma may or may not be 
exerted. During this condition the heavy midrib and incurved edges 
of the sepals hold them rigid against the corolla so that considerable 
force is necessary to reflex them. The sepals are slowly spread, 
allowing the petals to unroll to an angle of about 45 degrees, and are 
then quickly reflexed. The corolla, released by this movement, 
immediately expands. Collapse follows with the arrival of the 
severe desiccating conditions of the morning. 

Societies of 0. albicaulis are common in the plains region about 
Colorado Springs. During the flowering season in May and June 
these societies are conspicuous when in the evening many hundreds 
of the gleaming white flowers are suddenly unfurled. The sepals of 
this species remain attached at the tips and prevent the opening 
of the flower until separated by the pressure from the corolla. The 
sepals crack apart at the base and spring out, drawing toward the 
base of the flower the tube composed of the adhering tips. As the 
calyx is drawn down, the corolla spreads, forming a cone of increas- 
ing angle with the apex at the base of the flower, so that the rate 
of withdrawal of the calyx is increased with the progress of opening. 
As the calyx ring approaches the base, the petals expand with 
increasing rapidity because each withdrawal permits a greater 
expansion of the corolla the nearer to the base of the flower the 
restraining tips are forced. The result on floral opening is that the 
process begins slowly but proceeds with increasing speed, an incon- 
spicuous bud spreading into a showy flower in as short a time as 20 
seconds. The calyx is usually wholly separated into two groups by the 
time expansion is complete. Stages in the opening process are shown 
in Plate 26. There is great activity among the visiting insects at 
the opening period. Moths may be seen hovering about, and 
crepuscular bees visiting the buds and trying to force an entrance 
through the coroUa, thus hastening the initial opening movements. 
Plate 25 shows a common sphingid moth at the open flower. 

The opening process of 0, albicaulis is typical of that of most of 
the native species, and of 0. rosea, shown in Plate 26. This species, 
and also 0. contorta, opens from 6 to 7:30 A.M., and collapses in 
the afternoon during the cooler portion of the flowering season. 
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Oenothera coronopifolia frequently occurs in. the habitat with O. 
albicaulis, hut the flowering season is later and the size of the 
flower and plant smaller. Opening is not as rapid as that of 0. albi- 
caulis, but requires about 30 minutes. The caly^s splits into two 
groups, exposing the short petals with the stigma and anthers 
projecting. The flowers may remain in this condition from 3 min- 
utes to 1 hour. The four sepals then split apart and are reflexed 
singly at irregular intervals by a rapid movement requiring 1 to 2 
minutes. The slowly spreading corolla does not touch the sepals, 
and the expansion is not restricted by them. 

FIELD EXPERIMENTS 

Experiments with 0. caespitosa w^ere not satisfactory because of 
the uncertainty of selecting buds at definite intervals before open- 
ing. Both the immature and mature buds are erect and often re- 
main with sepals spread and stigma exerted for two days before 
opening. Eield measurements to determine the growth of the bud 
failed to show a distinctive period immediately preceding opening. 
Failure' to open was thus of uncertain meaning, a fact that made 
this species unsatisfactory for laboratory experimentation as well 
as for field studies. 

Buds enclosed in bell jars heated to 30° failed to open by 8 p.m. 
when adjacent checks opened at 6:30, but expanded within 30 
minutes after the removal of the jars, the air temperature being 
10° to 12°. In similar experiments it was found possible to pre- 
vent opening by maintaining constant conditions of 30° and 65 per 
cent humidity, and to cause opening by reducing the temperature 
to 10° at 8 P.M. 

Although many erect buds of 0. biennis failed to open during 
dry weather, irrigation of the plants made no apparent change. 
That connection with the plant was not necessary for the opening 
of mature buds of O. albicaulis was shown by the fact that when 
cut at 6 P.M. and left in the field both with and without a water 
supply the flowers opened at 6:30 p.m, simultaneously with those 
undisturbed. The water content was not appreciably greater at 
the time of opening than in the closed buds. Heating or cooling 
the buds enclosed in bell jars was without effect on the time of 
opening. Oenothera albicaulis appeared to have a much stronger 
periodicity than did 0. caespitosa or 0. biennis. 

Experiments to determine the evaporation rate from flowers in 
the open and closed condition failed to show any distinct effect 
of opening. The total transpiration from a flower of 0. albicaulis 
during the open period, 6 p.m. to 6 a.m., was very small, averaging 
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.4 cc per flower, or about one-fifth the evaporation per square 
centimeter of free water surface exposed at flower level. Determina- 
tions during the morning period of floral collapse showed that the 
transpiration-evaporation ratio at this time was also low. Col- 
lapse of the flowers is apparently due to a low rate of water supply 
rather than to a large increase in the transpiration rate. 

LABORATORY EXPERIMENTS 

Ecostat experiments with the flowers of O. lamarckiana showed 
that at 50 per cent relative humidity and darkness the time of 
reaching maximum expansion was not different at 15° and 25°, 
full opening being attained at the time for its periodic appearance 
in the field. The degree of maximum expansion varied directly 
with the temperature, being 100 per cent at 25°, and 11 per cent 
at 15°. The opening rates varied with the temperature, being 
21 and 7 at 25° and 15° respectively. 

Buds placed in the ecostat chambers at 4 a.m. at 25°, 60 per 
cent relative humidity, and 40 and .275 foot-candles light in- 
tensities, opened to similar maxima, 94 and 91 per cent respectively. 
The flowers under the more intense illumination reached maximum 
expansion earlier than those under the less intense light. The rate 
of opening was quicker under the more intense illumination, but 
the degree of opening showed great variation. After 18 hours storage 
at 10°, 100 per cent humidity, and darkness, the degrees and rates 
of opening were similar at 15°, 20°, and 30°. 

TISSUE STUDIES 

Studies by the plasmolytic method failed to show any consistent 
difference in concentration between the cells of the epidermis on 
the opposite surfaces of the sepals of any of the Oenothera species. 
Since the sepals could be caused to take the open or closed position 
by immersion in water or in .5 molar sucrose solution, the water 
relations are probably closely connected with movement. With the 
mass of tissue present in the regions of curvature of this organ it 
is probable that the epidermis is effective only indirectly in reducing 
the rate of water loss, and not directly in producing movement. The 
fact that the plasmolytic values in the cells of the epidermis were 
increased from .35 to .40 by exposure to light, and that opening 
was limited in continued darkness during the daylight period, indi- 
cates that the concentration in the cells of the epidermis is closely 
related to habitat factors and increased with floral activity. In the 
field the concentrations were low in the bud and in the collapsed 
flower, and high during the active life of this structure. 
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Flower cycle of Oenothera caespitosa 
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Plate 25 


6P.M 



Flower cycle of Oenothera albicaulis 
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In the petals, which also can be caused to assume the closed or 
open position by immersion in water or in ,5 molar sucrose solution, 
the epidermis constitutes a much greater proportion of the tissues. 
Here changes in turgescence of the epidermal cells can readily be 
considered directly effective in floral movement. Studies of 0. caespi- 
tosa, 0. biennis, and O. albicaulis showed the concentrations on 
opposite surfaces equal and low in the bud, greater and high on the 
inner surface just preceding and at the time of opening, and equal 
and low in the collapsing flower. During the opening process, ex- 
treme concentrations in 0. biennis were .75 molar in the cells of 
the outer epidermis, and 1.30 molar in those of the inner. 

MIRABILIS JALAPA 

The flowers of Mirabilis jalapa open from 5:30 to 6:30 p.m., 
the process requiring 15 to 30 minutes, and collapse the following 
forenoon with the arrival of the more severe desiccating conditions. 
Various stages in the floral life-history are shown in Plate 27. 
During the morning of the day on which opening occurs, the petals 
enlarge and at 5 to 6 p.m. are bulged out from the attached margins 
of the corolla lobes (Plate 27, 5 p.m. and 5:15 p.m. stages). As these 
separate, the corolla opens to full expansion and the stamens spread 
apart. The calyx remains inactive. 

LABORATORY EXPERIMENTS 

Table 33 gives the percentage opening of flowers of Mirabilis 
jalapa under the constant conditions of temperature, light, and 
relative humidity listed at the head of the columns. There was a 
periodic opening under aU conditions tried, except at 16° and with 
long exposure to 30°. Although a maximum was reached at a later 
time in the experimental chambers than is usual in the field, this 
time was not significantly altered at temperatures of 20°, 25°, and 
30°. At 20° the time of the periodic opening was not changed notably 
by the time of removal from the field, but was delayed by exposure 
to the light intensities tried, and was advanced slightly by high 
humidity. 

At 30° the time of the initiation of the periodic opening was 
greatly affected by the time of removal from the field. In this case 
the predetermined power of movement is apparently increased by 
conditions in the habitat, at least up to 2 p.m., and to some degree 
between 2 and 4 p.m. Further, a superoptimal temperature seems 
to counteract or suppress this increasing movement potential. It 
was not determined what forces were in play here, but it can safely 
be assumed that a metabolic balance is basic. Whether this balance 
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lies in chemical, physical, or vital phenomena is an open question, 
but the results of the tissue studies seem to indicate that chemical 
changes could not be responsible. 

TABLE 33 


MiEABILIS J.4I.APA 

Behavior (per cent open) of flowers under various constant conditions of temperature, 
light, and humidity. 


tight Conditions 
(Foot-candles) 

Darkness 

,275 

40 

Darkness 

Humidity % 

50 

50 

20 

75 

■ Temp. 

15 

20 

20 

20 

20 

20 

25 

30 

30 

30 

30 

30 

25 

25 : 

Time 

4:30 a.m. 













0 

0 



5 


0 






0 





0 

0 



6 


0 






0 





0 

0 

0 

0 

7 

0 

0 






0 





0 

0 

0 

0 

8 

0 

0 





0 

0 





0 

0 

0 

0 

9 

0 

0 





0 

0 





0 

0 

0 

0 

10 

0 

0 

0 




0 

0 

0 




0 

0 

0 

0 

11 

0 

0 

0 




0 

0 

0 




0 

0 

0 

0 

12 m. 

0 

0 

0 

0 



0 

0 

0 

0 



0 

0 

0 

0 

1 p.m. 

0 

0 

0 

0 



0 

0 

0 

0 



0 

0 

0 

0 

2 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 


0 

0 

0 

0 

3 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 


0 

0 

0 

0 

4 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 


0 

10 

15 

7 

4:30 

0 

26 

0 

0 

11 

0 

0 

0 

0 

0 

0 

0 

3 

34 

40 

17 

5 

0 

37 

0 

0 

12 

15 

29 

0 

0 

0 

0 

22 

25 

43 

58 

37 

5:30 

0 

49 

8 

12 

17 

23 

55 

0 

0 

0 

0 

35 

40 

45 

62 

53 

6 

0 

59 

42 

47 : 

34 

60 

65 

0 

0 

0 

0 

43 

55 

47- 

63 

70 

6:30 

0 

67 

47 

48 

45 

65 

75 

0 

0 

0 

0 

55 

68 

60 

74 

70 

' 7: , 

0 

75 ■ 

53 

49 

56 

72 i 

80 

0 

0 

0 

0 

60 

83 

79 

76 1 

70 

7:30 

0 

80 

58 

50 

72 

78 i 

87 

0 

0 

0 

0 

68 

90 

88 

76 i 

71 

8 

0 

85 

69 

52 

80 

85 i 

100 

0 

0 

0 

59 

78 

91 

93 

' 78.1 

71 

8:30 

0 

87 

70 

65 

82 

85 

100 

0 

0 

0 

93 

80 

97 

93 

77.' 

71 

9 

0 

92 

73 

80 

86 

83 

100 

0 

0 i 

0 

97 

82 

97 

95 

78 

.71 

10 

0 

87 

94 

80 

85 

84 

100 

0 

0 ! 

0 

87 

84 

90 1 

95 

78 

71 

11 

0 

87 

94 

80 

85 

84 

100 

0 

0 

0 

87 

84 

90 

95 

78 

71 


The degree of maximum expansion did not vary directly with 
the temperature but was greatest at 25°, darkness, and 60 per cent 
relative humidity, which appeared to be near the optimum. The 
degree of maximum opening was slightly reduced by the light 
intensities tried, and also by humidities of 20 and 76 per cent as 
compared to 50 per cent. The opening rates increased with the 
temperature up to 25°, but fell at 30°, the average Values for the 
temperatures from 15° to 30° being 0, 20, 29, and 10. The opening 
rates at 25° were reduced by .275 and 40 foot-candles light intensity, 
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the values for darkness and the two intensities in the order given 
being 29, 22, and 16, respectively. In darkness all opening move- 
ments were prevented by temperatures of 15°, and by long exposure 
during the daylight period to 30°. 

TISSUE STUDIES 

Since the veins of the corolla are comparatively rigid and the 
greater part of the movement occurs in the intervascular region, 
epidermis from this part of Mirabilis jalapa was used for the values 
shown in Figure 33. The flowers were removed from the field at 
2 A.M. and placed under constant conditions of 20°, 50 per cent 
humidity, and .275 and 40 foot-candles light intensity. 



Fig. 33. — Osmotic concentrations of epidermal cells of the petals of flowers of Mira- 
bilis jalapa under constant conditions of 20® C. and 50 per cent humidity, 
and light intensities of .275 and 40 foot-candles 


In general the cells from flowers at both intensities showed a 
decreasing concentration during the day. The values at the more 
intense illumination remained higher than those at the less intense, 
even showing a slight initial rise. All cells contained starch which 
decreased during the day and disappeared from the collapsed flower. 
There seemed to be a simultaneous hydrolysis of starch in the cells 
and a fall in osmotic pressure during the preparation period. Al- 
though there was an evident enlargement of the bud on the day of 
its opening, the water relations of the tissues are probably the ef- 
fective mechanism involved in floral opening. Opening movements 
occur from the higher toward the lower concentration, closure re- 
sulting from collapse beginning in the marginal area. 

CONVOLVULUS AND IPOMOEA 
Convolvulus arvensis and C. septum are plentiful in waste places 
about Colorado Springs, and various species of Convolvulus and 
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Ipomoea are commonly cultivated. Although there is a wide 
variation in the time of movement in tiie various species, the mechan- 
ism involved seems similar. Plate 28 shows stages in the floral 
life-history of Ipomoea purpurea, preceding the opening the buds 
enlarge rapidly, the outer half of the corolla being tightly rolled. 
About 1 hour before the full opening the corolla unrolls and appears 
with the intervascular region folded inward (Plate 28, 3, 3:20, and 
3:30 A.M. stages). The entire marginal area then curves out, 
straightening the folds and bringing the flower fully open (Plate 
28, 3:40 and 3:50 a.m. stages). In closing, the marginal areas col- 
lapse before the vascular regions (Plate 28, 10 and 11 a.m. stages). 

In most species opening occurs in the early morning, and 
collapse with the more severe desiccating conditions of the forenoon. 
Some variation is apparent in the opening of many species; flowers 
of <7. sepium which receive the early morning light open before those 
in shadow; in the Colorado Springs region the large white flowers 
oi Ipomoea grandiflora open in the evening and remain expanded 
throughout the night, while those of Ipomoea ruhro-coerulea open 
in the early morning and remain open throughout the day. 

LABORATORY EXPERIMENTS 

For experiment in the ecostat chambers, buds of Convolvulus 
sepium were used. Figure 34 shows the percentage opening of a 
typical set under constant conditions of 15°, 20°, and 30°, darkness, 
and 25 per cent relative humidity. 



TIME 


Fia. 34. Percentage opening of flowers of Convolvulus sepium under constant con- 
ditions of darkness and 25 per cent relative humidity, and 15°, 20°, and 
30° C. 




Flower cycle of Ipomoea purpurea 
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It will be seen that under these conditions the degree of ex- 
pansion was inversely proportional to the temperature, being greatest 
at 15° and least at 30°. The time of the beginning of the opening 
movement was earlier at the higher temperatures, but the rates of 
opening varied irregularly, being 12, 6, and 7, at 15°, 20°, and 30° 
respectively. When a humidity of 70 per cent was maintained in 
the experimental chambers, shnilar experiments the details of which 
are omitted, gave opposite results, the average maximum openings 
being 10, 27, 52, 85, and 86, for temperatures of 12°, 15°, 20°, 25°, 
and 30° respectively. That a humidity of 25 per cent became a 
limiting factor at the higher temperatures is not surprising, for the 
water supply present in the bud is utilized in opening. This is shown 
by the fact that buds severed from the parent stem at 10 p.m. opened 
at the usual time in the morning when exposed in the field without 
a water supply. The sudden changes in temperature occurring at 
the time of the transfer of the flowers from the field or from storage 
to the ecostat chambers did not result in an immediate movement, this 
appearing only at or near the periodic time for such a reaction. The 
transpiration from the flowers of Convolvulus during the night was 
very low. 

TISSUE STUDIES 

Studies by the plasmolytic method showed that the osmotic 
concentrations in the cells of the outer and inner epidermis of Con- 
volvulus followed a curve somewhat similar to that of Mirabilis. In 
Convolvulus arvensis both the outer and inner epidermis of the bud 
gave a value equal to .7 molar sucrose solution. In the field the 
values became .6 for the outer epidermis and 1 for the inner at 
the beginning of opening, and dropped to .5 on both surfaces in the 
closed flower. 

TKADESCANTIA VIKGINIANA 

Stages in the opening of the flowers of Tradescantia virginiana 
are shown in Plate 29. The mature buds which have been directed 
downward during the immature period assume the erect position on 
the day preceding that of opening, enlargement of the corolla oc- 
curring simultaneously. The calyx lobes begin to separate at 7 to 9 
P.M., and slowly open, while the corolla unrolls and spreads to fuU 
expansion by 5 a.m. IJsually the corolla withers and the tips fold in 
by midforenoon, but the flowers may remain fresh during cool moist 
days. As the petals collapse, the sepals close and the old flower is 
directed downward into the position of the bud, leaving the de- 
veloping ovary protected by the calyx, and the inflorescence clear, 
ready for the display of the next flowers. 
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Open flowers enclosed in a moistened bell jar remained open 
throughout the day, while adjacent ones closed by 10 a.m. The 
same result was achieved by lowering the temperature to 15°, and 
indicates that temperature is at least partly effective through its 
influence on the transpiration rate. Cut flowers supplied with water 
and exposed in the habitat behaved similarly to those growing on 
the plant. 

Gut flowers placed in the experimental chambers at 12 midnight, 
under constant conditions of darkness and 50 per cent humidity, re- 
mained closed until noon at 10°, opened to 30 per cent at 3 a.m. 
at 15°, to 55 per cent at 3:30 a.m. at 20°, and to full expansion at 
4 A.M. at 25°. The flowers evidently reached a degree of maximum 
expansion directly proportional to the temperature. 

Plasmolytic studies showed that the osmotic concentration of 
the epidermal cells in the unopened bud was equal on the two sur- 
faces with a value of .30 molar. The values for the outer and inner 
surfaces respectively were .35 and .50 during opening, and de- 
creased to .30 and .35 just before collapse. 

Mature buds expanded to a limited degree when placed in water, 
and longitudinal sections made during the early part of the night 
opened in 30 minutes and closed again when transfered to .2M 
sucrose solution. Both the cal 5 Tc and corolla were active, and the 
final angle attained in water or sucrose solutions varied with the 
osmotic concentration. 

LINUM 

The flowers of Linum perenne, L. angustijolium, and L. usita- 
tissimum are similar in behavior, opening during the night or early 
morning, the petals falling before noon. Opening requires about 1 
hour. The calyx spreads slowly, and after the fall of the corolla 
closes over the developing fruit. The time both of opening and of 
closing is variable. The flowers may be kept open throughout the 
day by enclosing them in a moistened bell jar or cooling to 10° to 15°. 
In the field the flowers first exposed to light open before those in 
shade. When enclosed in a bell jar heated to 25° at 60 per cent 
humidity, the flowers opened at once when the heat was applied be- 
tween 1 and 3 a.m., but did not respond when this treatment was 
applied before midnight. 

LABORATORY EXPERIMENTS 

The percentage opening of the flowers of L. usitatissimum under 
constant conditions of darkness, 10 per cent relative humidity, and 
10°, 20°, and 30° is given in Table 34. These flowers were removed 
from the field at 6 p.m. and stored at 8°, darkness, and 100 per 
cent humidity, until placed in the experimental chambers. 
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Periodic opening appeared under all conditions tried, expansion 
beginning in the early morning. The periodic nature of the response 
is also shown by the fact that the sudden change from the conditions 

TABLE 34 

LinUM UsmTXSSIMUM 

Behavior (per cent open) of flowers under constant con- 
ditions of darkness, 10% humidity, and 10°, 20°, and 
30° C. 

to. flowers wilting. 
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of storage to those of the ecostat chambers resulted in an immediate 
response only at 3 a.m. At 30° the low humidity became critical 
and wilting followed. Oddly enough, the flowers given the maxi- 
mum exposure reached the full open condition. When the tempera- 
ture change was made at 3 a.m. while opening was under way, closing 
followed. 

At 20° the flowers opened to an average maximum of 78 per 
cent for the first two series removed from storage before opening 
was under way. But little movement occurred at 10°, the maximum 
opening being 10 per cent. The series in which the opening move- 
ments were not in progress at the time of transfer, and in which the 
maximum opening was reached before wilting, showed maximum 
expansions of 10, 78, and 100, and opening rates of 6, 9, and 25, at 
10°, 20°, and 30° respectively, both the degree and the rate of ex- 
pansion varying directly with the temperature. 
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DISCUSSION 

FIELD BEHAVIOR 

The field behavior of flowers, though constant in its general 
aspects, shows variability when given close inspection. Thus the 
flowers of Tulipa gesneriana open regularly in the morning and close 
at night, but sometimes depart from this behavior. On cool days 
the flowers may remain closed, while during hot and windy periods 
closure occurs during the forenoon. Heads of Taraxacum officinale 
commonly open in the morning, the time depending on the advance 
of the season and hence the temperature, and close either at evening 
or during the day. With the varying intensity of habitat factors, 
opening may occur from 5 to 10 a.m., and closure from 9 a.m. to 
6 p.M. Limited parts of the habitat with less intense desiccating 
conditions due to shade or protection from the wind may exhibit 
striking differences in the time of movement of the heads occurring 
there. Many flowers, such as those of Tragopogon and Mentzelia, 
show similar sensitivity to habitat conditions ; they may open at 
different times of day, and reopen for a varying number of sucessive 
periods. Both the time of reaction and the longevity of these flowers 
varies with the habitat, the flowers growing in protected locations or 
at higher altitudes behaving later in the season as do those in warmer 
habitats earlier in the season. 

The length of the period during which floral movements occur 
varies even more than the floral behavior. Acroclinium roseum com- 
monly remains active in some degree for nearly a month, Layia 
elegans for several weeks. Aster bigelovi for one to two weeks, 
Taraxacum, Crepis, and Tragopogon for two days to a week, and 
Linum rubrum and Tribulus terrestris for one to two days, depending 
on the conditions which promote rapid desiccation. Thus in the 
hemeranthous group, flowers display various degrees of persistence 
and may become ephemeral under the more severe field conditions. 
Flowers of the ephemeral hemeranthous group show similar varia- 
bility, differing only in the degree of resistance to the evaporational 
conditions of the habitat. The various species of Convolvulus and of 
Ipomoea usually collapse in the forenoon, but remain open through- 
out the day when low evaporational conditions obtain. Ipomoea 
rubro-coerulea is more resistant to day conditions and remains open 
till noon or later on most summer days. The petals of Erodium iaU 
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while in an apparently fresh condition, the flowers of Trodescantia 
wither during collapse, and the flowers of Hibiscus trionum close 
while still turgid. The flowers of Portulaca remain open throughout 
the day if the temperature is not excessive, but do not reopen; this 
is also the behavior of Tribulm during the driest conditions of late 
summer. Evidently the closing movements may occur at any time 
when the rate of floral transpiration exceeds that of water conduction 
to the tissues concerned. This condition may occur early or late 
in the day. A loss in tissue turgidity results in closure, dropping of 
floral organs, or withering and collapse. 

The characteristic common to the various hemeranthous flowers 
is the time of opening. Nyctanthous and ephemeral nyctan- 
thous flowers both open shortly after dusk. The Mentzelias 
and Silene nocti flora repeat their movements on several successive 
nights. While the flowers of Silene remain open throughout the 
night, those of the Mentzelias have a period of expansion of but a 
few hours. The flowers of the Oenotheras enlarge and develop dur- 
ing the day a tissue tension in the sepals sufficient to bulge these 
structures outward and finally tear them apart. This separation 
allows the release of the petals which are also under a tension built 
up during the daylight period. The conditions of this preparation 
period during which the tissue tension develops are sufficiently severe 
to cause the collapse of the expanded petals on the following day 
when the cells are senescent. The time of opening of such flowers 
evidently depends on the completion of the preparation for opening 
rather than on the conditions obtaining at the time expansion ac- 
tually occurs. It is not to be expected that the modification of fac- 
tors in the field will greatly alter floral movements, unless they are 
of a critical intensity such that all movements are checked or the 
tissues injured, or unless they are prolonged over a considerable 
portion of the preparation period for opening. 

Temperature, hght, and humidity can be modified to some de- 
gree by a simple apparatus suitable for field use, but the regulation 
of these factors is subject to considerable variation and it is not 
practicable to prolong such experiments over one or more prepara- 
tion periods. The results in the present study show in many cases 
merely a modification of the speed of movements already under 
way, or the prolongation of the open period by the reduction in the 
intensity of the evaporation conditions. The flowers of Tulipa and 
of the species of Gentiana studied were exceptions in responding di- 
rectly in some degree to the temperatures applied, as were those of 
Acroclinium roseum in responding to humidity levels. It was found 
possible to hasten the opening of many different species of flowers 
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by increasing the temperature, and to retard it by the reverse change. 
As a consequence of high humidity and the absence of wind in the 
laboratory, flowers could be kept open for a much longer period 
than was usual in the field. Opening processes could seldom be 
initiated in the field except at a time when preparation for opening 
was complete and the daily periodic opening could be considered in 
progress even though not yet detectable by observation. 

As has been frequently recorded by other workers, the flowers of 
Tulipa can be induced to carry out opening and closing movements by 
suitable temperature changes. It may be that here we are dealing 
with a differential tissue reaction a part of which is directly attribut- 
able to the living protoplasm, as Biinning suggests, but it seems 
rather a matter of the water relations of the tissues. This is indi- 
cated by the movements of the perianth parts when placed in solu- 
tions of different concentrations, as was described by Farmer and 
confirmed in the present study. It does not seem probable that in 
such cases growth can be concerned, except in the limited phase 
which depends on the stretching of the cells by the pressure of their 
contents. The lack of contraction on the concave surface which has 
been accepted since the researches of Pfeffer merely shows the lack of 
elasticity in the tissue and not any essential difference in mechanism 
from that here assumed. 

It is difficult to conceive of a condition in which the expansion 
of the flower would not affect the rate of transpiration, but no such 
influence could be detected by the methods here employed. This 
may have been due to the inaccuracies unavoidable in a method which 
requires periodic weighings and a comparison with evaporation from 
a free-water surface. The results show a general parallel between the 
floral transpiration and the evaporation and indicate only cuticular 
transpiration. This is confirmed by observation of the stomata which 
are usually closed and probably functionless. The longitudinal roll- 
ing of the petals which occurs under extreme desiccating conditions 
in the older flowers of Tulipa, Eschscholtzia, Tribulus, and Silene 
is apparently a response to high transpiration, but no results of the 
present study bear on this point. 

The fact that cutting rarely produces any noticeable change in 
floral behavior for 24 hours or more, and that flowers cut immediately 
before opening and left exposed in the field without a water supply 
frequently opened at the usual time, shows that a water supply 
from the parent plant is not of iromediate necessity at the time 
of opening. Studies of the water content of the flowers indicated a 
general decrease with age, but no change which could be directly 
correlated with the movements except in a few species. It seems 
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probable that although water content is commonly high at the time 
of opening, the exchange of water to which the movements are due 
is rather between tissues than between organs of the flower or other 
parts of the plant, with the important exception of Hibiscm trionum. 

The water content of a tissue, and hence its turgidity, will vary 
with osmotic concentration, hydration of the colloids, permeability 
of the membrane, and the conditions of water loss and supply. In 
a cut flower which opens with the water supply contained in its own 
tissues the turgidity of the cells concerned in floral movements will 
be proportional to the osmotic concentration, the hydration of the 
protoplasm and the equilibrium relations between these and the evap- 
orational conditions. For tissues concerned in floral movements 
the environment will comprise the adjacent tissues and the 
external factors under which the flower expands. Any change in 
these can be expected to produce changes in turgidity. It is not 
difficult to see the possible relations of temperature and light, and to 
recognize that in so complicated a balance a simple relation between 
movement and any single factor cannot be expected. It is also evi- 
dent that the conditions under which a given turgidity relation de- 
velops are at least as important as those obtaining at the time of the 
visible part of the reaction. That is, a reaction such as the opening 
of a flower is predetermined by the conditions present before the 
visible movement takes place. Such an explanation tends to remove 
the mystery of autonomic reactions and leaves the conditions of the 
preparation period capable of experimental study and exact de- 
termination. 

LABORATORY EXPERIMENTS 

Working under the comparatively exact conditions of the labora- 
tory makes more detailed studies possible. Even here the conditions 
must be subjected to constant scrutiny, for a small variation which 
in comparison to the changes observed in the field seems insignificant, 
may be decisive. Biinning found that variations of one degree or less 
are significant in the behavior of the flowers of Tnlipa. Equivalent 
variations in other factors cannot be safely discounted and it is 
probable that the wide differences in the results of much of the 
work reported are due to the neglect of the accurate control of one 
or more factors. Such errors were reduced as far as possible in the 
present work by a carefully adjusted automatic control supplemented 
by constant inspection over considerable periods. 

Under constant conditions such as were employed in the present 
study, flowers generally show periodic opening and closing movements 
during the first 24 hours after removal from the field. That is, the 
general features of the daily behavior of these flowers were pre- 
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determined for at least one day after removal from the field and 
subjection to constant conditions. All expression of this periodicity 
could usually be cheeked by temperatures of 10° and 35°, but in 
many cases prolonged exposure to these temperatures did not prevent 
the reappearance of the movements when more favorable 
temperature levels were reestablished. Flowers of species well 
adapted to different ecological habitats, such as the various altitudes, 
often behaved differently at low temperatures. 

The strength of periodicity, as measured by the deegree of 
maximum expansion and rate of movement under constant conditions 
and in response to temperature changes, differs greatly in the 
different forms. In the flowers of Taraxacum and similar forms, 
periodicity is strong and modifies all floral movements, even after 
the flowers have been kept under constant conditions for several 
days. In the flowers of Tulipa, periodicity is weak and can easily 
be overlooked since stimuli of moderate intensity entirely mask it. 
Under constant conditions it is conspicuous but remains effective for 
only a single day. The gentians also show a weak periodicity, and 
in the studies here made none was observed in G. calycosa and G. 
frigida. It is probable that a more detailed study would show its 
presence. In Acroclinium no periodicity exists, a given stimulus pro- 
ducing the same response at any period during the day. In this 
case we are dealing with a physical process taking place in the cell 
walls. Periodicity is evidently connected with living cells and indi- 
cates that at least in this important regard they are directly con- 
cerned in flower movements. 

Although most flowers exhibit periodic expansion under the 
constant conditions of the experimental chambers, this opening shows 
great variability in extent but not in time. In the field these re- 
sponses are reenforced by the changing factors of the habitat, the 
result being the full degrees of floral movement. Under experimental 
conditions these movements can be distinguished and their relative 
importance determined for each species. That is, the strength of 
periodicity in any flower may be measured by the degree and rate 
of opening under constant conditions. Thus periodic opening and 
closing progresses to completion in the flowers of most Compositae, 
but in Tulipa results in but partial opening at temperatures which 
will not mask the effect. 

The persistence of the daily periodic movements also varies with 
different species and with the conditions under which the flowers 
are kept. In general, low temperatures are more favorable to the 
persistence of periodic movements than are high ones. Light acts 
in a similar manner, though with important exceptions. The flowers 
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of Taraxacum show periodic movements which persist to the second 
day only at temperatures below 25°, while those of Eschscholtzia 
show no periodic movements after 24 hours at 10°, darkness, and 
100 per cent humidity. 

The factors that establish the daily rhythm probably differ 
among species and in various habitats in which these factors may 
approach the limiting level. This predetermining period has not 
received in the past the consideration it merits. It is the effect of the 
factors during this preparation period which controls many of the 
floral movements, and this influence may persist for a considerable 
duration of time. Stoppel and others have shown that a change in 
the daily period of temperature or illumination may produce other 
periodic responses related in time to the artifiicially established 
rhythm. The results of the present study show that in all hemeran- 
thous forms in which periodic inovements are apparent, tempera- 
tures of 10° and 15° are followed by a greater rate and anfplitude 
of movement than occur when the flowers are kept at a higher level. 
At temperatures of 30° or more, periodic movements in most species 
disappear in 24 hours. Light has an effect similar to that of tem- 
perature. Humidity seems to be without influence in most forms, but 
is of striking importance in Tragopogon. 

The duration of exposure and the period of the day in which this 
occurs is of great importance to the periodic behavior of flowers. 
Thus exposure in the field during the forenoon results in a greater 
rate and amplitude of movement in the flowers oi Tulipa than does 
a smilar period of exposure during the afternoon. Similarly, the 
maximum movement of the flowers of Taraxacum and of Aster 
higelovi is favored by exposure to afternoon and night conditions 
up to midnight, and those of Crepis up to 9 am.. In nyctan- 
thous flowers a similar rule holds, except that the critical conditions 
of the preparation period are those of daylight. Thus the activity of 
the flowers of Mentzelia multiftora is greatest when they have been 
exposed to daylight conditions for a period of 9 to 12 hours imme- 
diately preceding the time of opening. In other words, the opening 
of these flowers takes place in the normal manner and to the greatest 
degree when the preparation period has been passed under conditions 
similar to those commonly obtaining in the field; that is, low tem- 
peratures and darkness for hemeranthous forms, and high temper- 
atures and light intensities for nyctanthous. Since cut flowers exhibit 
the same behavior, connection with the plant is not a factor of hn- 
portance during the limited time used in the experimentation for 
these studies. 

The behavior of cut flowers after storage under constant con- 
ditions shows a similar relation. Flowers of Tulipa, Taraxacum, and 
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many other Compositae showed the maximum rate and degree of 
opening after storage at 10°, darkness, and 100% humidity during 
the night period to 6 A.M., but this treatment had the opposite effect 
when continued through the daylight period. Flowers of Esch- 
scholtzia subjected to sudden temperature changes between 15° and 
30° after storage under conditions similar to those just mentioned for 
3, 6, 11, and 16 hours, opened in direct proportion to the hours of 
storage. The opening of the flowers of MentzeUa nuda was favored 
by storage during the night at 15° and darkness, but was reduced 
in extent and rate if this storage was prolonged into the daylight 
period. Similarly, M. multiflora gave a greater degree of opening 
after storage during the night at 10°, darkness, and 100% humidity; 
but when this storage occurred during daylight, not only the 
rate and degree of movement was reduced but the time of these 
movements was also displaced in varying degrees, this treatment 
disturbing the periodic rhythm predetermined on the previous 
day. When such treatment was continued for periods up to 153 
hours, floral movements were affected in proportion to the number of 
daylight storage hours immediately preceding opening. The storage 
of cut MentzeUa flowers at 20°, foot-candles light intensity, and 50 
per cent humidity resulted in floral behavior similar to that follow- 
ing daylight storage conditions. 

It is evident that periodic movements in flowers are determined 
in large degree by the complex of factors in the field during the 
period immediately preceding floral opening, and that this prede- 
termination is more or less persistent in the different species. In gen- 
eral this preparation is favored by low temperatures and darkness 
for hemeranthous species, and by moderately high temperatures and 
light for the nyctanthous. Since connection with the plant is not 
necessary, preparation is to be regarded as an inter-tissue balance 
of water relations and tensions. The importance of the humidity- 
periodic relations of Tragropogon flowers points to the intimate con- 
nection between these and the factors in the field. 

TEMPERATURE RELATIONS 

From the preceding discussion it is evident that factor effects 
must be considered both in their relation to the preparation period 
for opening, and to the flower at the time movements are taking 
place. Some details of the former relation have already been dis- 
cussed. Of the temperatures used for hemeranthous forms, the lower 
favored the preparation for opening, and the higher checked or pre- 
vented this movement, depending on the length of treatment and 
the time of the day during which it was applied. The nyctanthous 
forms require a higher temperature and also illumination during the 
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daylight period immediately before opening. Temperature conditions 
of the preparation period affect the degree and rate of movement, 
but if the time of application is varied the entire periodic relation may 
be displaced. Preparation for opening goes on at 10° or 15°, even 
though the opening of the flower cannot actually occur at this tem- 
perature. The preparation for opening both of hemeranthous and 
nyctanthous flowers is favored by low night temperatures, but the 
latter are also favored by high day temperatures. The effects of 
temperature during the preparation period are not cumulative beyond 
the day immediately preceding opening. It is obvious that the prac- 
tice of florists in placing cut flowers in refrigeration for a short time 
before marketing depends in part for its eflicacy on this favorable 
effect of low temperature storage. 

Minimal, optimal, and maximal temperatures were not specially 
determined in this study, but few species showed appreciable move- 
ment at 10° or at 30° and above. It is of interest to note that even 
here lines cannot be definitely drawn, but that' movement is the 
expression of a critical balance of conditions which may be greatly 
altered by an apparently minute and insignificant change. Thus 15° 
checks all movement in the flowers of Mentzelia nuda during the 
first day after storage at 12° and darkness till 2 p.m., but favors the 
opening process after 24 hours under these conditions. In dealing 
with the movements of flowers we must recognize the complicated 
and critical balance of factors which gives not the simple time- 
temperature relation frequently assumed, but a time-temperature- 
periodicity relation in which the effects of a condition may be 
expressed either in the preparation for opening or directly in the 
movement. The effects of this preparation may modify the rate and 
extent of the temperature response or, as in Taraxacum, even reverse 
its direction. 

The temperatures obtaining when the opening process is under 
way are much more simply related to floral movement than are those 
in effect during the preparation period. In a few flowers such as those 
of Tulipa and Gentiana the periodic relations are masked by the 
effects of temperature so that the relations appear direct, as indeed 
they are. The difference between this behavior and the more com- 
plicated behavior of such species as Taraxacum is one of degree rather 
than of kind. In all flowers examined in the present study, the rela- 
tion between rate and degree of opening and the temperature at 
the time of this movement is direct within the critical limits of 10° to 
25° or 30°, unless humidity or light is at the level of a limiting 
factor. Comparisons can only be made at the equilibrium positions, 
and between flowers which have had similar treatment during the 
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preparation periods. This direct relation between the temperature 
and the degree of opening shows an adjustment to the conditions of 
the habitat in which the plant occurs, the temperature levels produc- 
ing a given response being low in plants from cooler habitats. 

Sudden temperature changes produce in most flowers a different 
response from that caused by a constant temperature similar to the 
one to which the change was made. Such temperature changes are 
effective in many species in causing conspicuous movements if they 
parallel the direction of periodicity; but result in slight response, or 
none, or less frequently in a reverse reaction, if they oppose it. 
Such response is probably connected directly with the living proto- 
plasm and is to be regarded as evidence of irritability. The amplitude 
of this movement is small and it plays but a minor part in floral 
activity. It doubtless accounts for the slight closing movement fre- 
quently following cutting, and for the occasional reversal of reaction 
accompanying a sudden temperature change. 

Heretofore it has been believed that the time between the ap- 
plication of a stimulus and the reaction was a latent period in which 
several things occurred which were not well understood. It is brought 
out by the work discussed in this book that this latent period depends 
for its length not only on the stimulus and its intensity but on pre- 
determined periodicity. In all autonomic movement it is very prob- 
able that periodicity and predetermination play a large part. 

EFFECTS OP LIGHT 

As in the case of temperature, the action of light on floral move- 
ments must be considered in its effect both during the preparation 
period and directly on the movement itself. The fact that the most 
favorable preparation period in hemeranthous forms is during dark- 
ness, points to the unfavorableness of light for the predetermination 
of movement. The degree of expansion of the flowers of Eschscholtzia 
is appreciably reduced by exposure to 40 foot-candles light intensity 
during part of the preparation period. The periodic movements of 
Tulipa are largely conditioned by the factors during the forenoon. The 
flowers of Mentzelia nuda showed a direct relation between the degree 
of expansion and the temperature only when the storage period at 
10° and darkness did not exceed four hours of the daylight period. 
. It seems probable that in the establishment of the critical balance 
of the preparation period light is a factor of great importance. 

The direct effect of light on floral movements appears in a 
number of cases and is probably quite general if it can be disen- 
tangled from the effects of periodicity and temperature. The flowers 
of Tulipa and Hibiscus show a direct relation between the degree of 
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expansion and the light intensity. Similar relations were displayed 
by Mentzelia nuda, which also showed acceleration in the rate of 
opening. In contrast to this the flowers of E schscholtzia &rid of 
Mirahilis opened to a reduced maximum under constant light inten- 
sity of 40 foot-candles. The time at which the maximum was reached 
was earlier in the two forms just mentioned and in Arctotis, but the 
opening movements of Taraxacum and of Aster bigelovi were re- 
tarded by light. It is probable that a study of light intensity-time 
relations would explain most of these apparent differences. 

Sudden changes in light intensity produce effects comparable to 
those due to changes in temperature, but at the intensities used in 
the present study, the maximum of which was 40 foot-candles, this 
stimulatory action was less pronounced. The flowers of TuUpa 
opened in response to a sudden change from darkness to 40 foot- 
candles light intensity, and closed slightly in response to a reversal 
in light conditions. Taraxacum and like Compositae displayed a 
similar reaction, but the movements were evident only when the 
direction of the stimulus paralleled that of periodicity. It is only 
in this limited sense that an influence of light on the rays of 
Tragopogon, suggested by Palladin and Livingston, can be true. 

EFFECTS OF HUMIDITY 

No habitat factor has received less consideration than atmos- 
pheric humidity, yet from this limited basis most workers in the field 
of flower movement agree in according it little importance. More 
work is needed on this subject, with the recognition that plant re- 
sponse is the result of the total complex of factors in which one or 
more of the constituents may play the conspicuous part and yet be 
effective only in the presence of the others. In such a complex the 
relative importance of any factor varies not only with its intensity 
but also with that of the others, and becomes conspicuous when 
critical limiting conditions are approached. 

The present study shows that, measured by floral activity, hu- 
midity at times plays an important part and is effective within the 
range of ordinary field conditions in a number of species. The maxi- 
mum degree of expansion of the flowers of TuUpa is reduced by ex- 
posure to 90 per cent humidity. The flowers of Taraxacum and of 
Eschscholtzia show a similar but more marked depression of the degree 
of opening, and also a prolongation of the open period. For flowers of 
Convolvulus sepium humidity of 25 per cent is limiting, so that the 
reactions to other factors, such as temperature, are altered and the 
relations confused. The periodicity of the flowers oi Tragopogon is 
closely related to the humidity bonditions, at least in cut flowers. The 
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periodic opening following the cutting of closed heads is checked 
at low humidities. In this case there is a distinctly limiting critical 
humidity relation for the preparation period. The flowers of Acro- 
clinium roseum respond to the humidity of the atmosphere in which 
the heads occur, closing at a high value and opening when this falls 
to a lower level. Movement in these flow'ers is apparently the 
result of differential expansion due to the hygroscopicity of opposed 
tissue layers. In this flower there is little evidence of the activity of 
the living cells, the curvature being due to the differential swelling of 
the materials of which the walls are composed. This behavior, 
though not found in other flowers, seems common to those with 
searious bracts similar to those of Acroclinium. 

MECHANISM 

Although all floral organs may show movement during their 
life-history, only the bracts, sepals, and petals have been considered 
in the present study. In these organs the greater part of the cur- 
vature which results in floral movement occurs in a very limited region 
near the base of the organ concerned. Since the organs in the bud 
are usually convex they do not readily allow the curvature necessary 
for opening, so that an inconspicuous and early stage of the opening 
movement is a flattening in the basal region. This is the antithesis 
of the longitudinal rolling of the petals of Eschscholtzia and of 
Tribulus when the older flowers close under severe evaporational con- 
ditions. In tubular corollas unfolding sometimes occurs, but more 
commonly only the lobes are reflexed, the basal region exhibiting the 
most active curvature. 

The structure of the active region varies greatly in different 
species, and in different organs of the same species. In Tulipa this 
region is composed of a considerable mass of parenchymatous tissue 
arranged, as Farmer has shown, so as to permit movement without 
shearing. Intercellular spaces are conspicuous. The flowers of 
Eschscholtzia, Calochortus, and Rosa have a more or less thickened 
region of curvature in the corolla. Most flowers display this char- 
acteristic in the bracts and sepals, which are chlorophyll bearing and 
frequently show active opening and closing movements. In organs 
of this sort it is probable that the changes in the water relations of 
the tissues occur within the structure, but it is obvious that such 
changes to be effective must be on opposite sides of a region in which 
little change in size takes place. 

In many flowers, such as those of the Compositae, the corolla 
is composed of loose spongy tissue supporting the epidermal layers. 
In such a structure the epidermis is most favorably located for pro- 
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ducing curvature and is to be regarded as the most active tissue in 
such movements. The epidermis is also most directly influenced by 
the changing factors of the habitat, and is affected both by the atmos- 
pheric conditions and by those of the tissues beneath the surface. 
This layer is thus important in floral movement, directly in those 
organs which consist of spongy parenchyma, and indirectly in those 
in which the mass of cells beneath are also active. 

Many flowers can be caused to exhibit opening and closing 
movements by the treatment either of the entire flower or of the 
longitudinal section with water or with solutions of sucrose of various 
concentrations. Most movements df this sort can be produced 
repeatedly, except in ephemeral forms where closure is collapse. It is 
obvious that these movements are due to a disturbance of the water 
relations of the tissues, but there is no proof that they are essentially 
the same under laboratory treatment as those occurring in the field. 
Since the positions attained are equilibrium angles, the movements 
are not due to rate of water movement within the tissues. The ligules 
of Taraxacum and similar Compositae exhibit an opening movement 
when placed in water, and a closing movement in sucrose solutions 
of .1 molar or stronger, the process requiring 1 to 2 hours. The 
flowers of TuUpa respond oppositely, opening in molar sucrose solu- 
tion, and closing in water. Since these flowers are hemeranthous, the 
difference shows a relation to the permeability of the external cuti- 
cularized surface, rather than to the internal tissues, as would be 
the case when natural movements were in progress. The direction 
of the movements taking place in water or in sucrose solutions can 
be varied at will in the bracts of Tragopogon hj scraping away the 
cuticle from the outer or inner surface, the movements then being 
away from the scraped surface in water, and toward it in molar 
sucrose solution. Tissue tension studies in flower parts show that 
artificial alterations of the tissues through the epidermis can produce 
the movements observed in nature. These are probably activated 
by similar alterations brought about through internal adjustments. 

The osmotic concentrations of the epidermal cells stripped from 
opposite surfaces of the regions showing the greatest curvature was 
determined by the plasmolytic method at various times during floral 
activity. These studies show^ed in many species a falling value with 
age, and a daily periodic fluctuation. In this rhythm the values were 
greater bn the inner surface than on the outer during the prepara- 
tion period. This relation approached equahty on the two surfaces 
during opening and assumed a reversed relation before closing, the 
outer epidermal layer showing a higher osmotic concentration than 
the inner. The difference reached a maximum of .2 molar in many 
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species, and commonly appeared shortly before the movements which 
followed from the stronger toward the weaker side. These relations 
appeared quite general in flowers in which the floral organs were 
thin and the epidermal layers represented a considerable portion of 
the tissue. In the more massive organs the relations still appeared 
but were more variable. 

Differences in osmotic concentration between the opposite sur- 
faces may not directly cause the flower movements, but when such 
movements occur they progress from the stronger toward the weaker 
side and pass through a period of equal concentration on both sur- 
faces to a reverse relation and a movement in the reverse direction. It 
seems probable that the water relations of the tissues are profoundly 
modified by the daily cycle of concentration in the tissues. The 
result of the adjustments is the movement of the part concerned. 
The intimate relation between the concentrations and the floral move- 
ments is also indicated by the fact that ephemeral flowers pass 
through only the first portion of the concentration cycle followed by 
hemeranthous and nyctanthous forms, the outer epidermis of the 
ephemeral forms never reaching the higher concentration which pre- 
cedes closing movements. In such forms closing is collapse of the 
corolla. 
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